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CHAPTER 1 


3. INTRODUCTION 


1.1 Iwportance of Copper 


Copper is an essential trace element, although nearly all 
organisms have access to only very minute amounts of it. Notable 
exceptions are bacteria involved in the leaching of copper from 
low-grade ors and the "copper flowere" in Central Africa.’ Copper 
is the third most abundant trace metal element” in human (80-120 mg 
in a normal human body) and its amount variss from 2 to 15 ppm in 
other biological materials, depending on the species and on the 
type of the tissue. The biciogical role of copper long involves 
ods mediation and catalysis of redox reactions. It ie an integral 
part of many proteins and enzymes and the unique geometry and 
eiectronic structures found in the active sites of theee proteins 


have catalysed research in many areas of coordination chemistry. 


An excese of copper has been found to be harmful, sspecially 
to lower organisms such as bacilli, fungi and algae.” A deficiency 
of copper in mammals can cause anaemia as it hae an essential rols 
in hemoglobin synthegis.”™* In human, the highest levels of copper 
are found in the iiver, brain, iung and kidneys. Copper is absorbed 
in the intestine by the serum protein albumin to which it is 
loosely bound. It plays a key role in iron transport and metabolism 


into hemoproteinsa and some cases of anaemia in infants have been 


found to require combined supplementa of copper and iron.” A 
genetic defect in copper absorption, the kinky hair syndrome 
(Menke ‘5 disease),’ characterized by defective keratinization of 
the hair, neurologic degeneration and anomalies of bones and 
arteries is fatal unlepes treated immediately with parenteral 
administration of copper. Although low molecular weight copper 
complexes are being investigated ae poselble therapeutic drugs for 


-thie diseapge, no adeguate treatment has yet been found. 


Wilsons‘s disease or hepatolenticular degeneration ie 
another fatal inherited diseaee accompanied by decreased levelp of 
copper in the blood. However, in this syndrome, there i5 an 
excessive storage of copper in the liver, probably owing to 
defective synthesis of ceruloplasmin by the hepatic cells. This 
disease can be treated with D-penicillamine’ or glycyi-glycyl-I> 
histidine’ which removes the accumulated copper from the body. 
Copper and its amino acid complexes are being used as 
antiinflammatory and antirheumatoid arthritic agente; other drugs 
ageainet these dieeaeee are believed to function by release of 


copper from serum albumin. ** 


1.2 Coordination Chemistry of Copper 


Complexes of copper in which its oxidation etate can range 
from 0 to +4 are known. The +1 and +2 oxidation estates are the most 
common in both synthetic and biological copper systems.” Only a 


relatively small number of Cu(1lIlI) species have been characterised 


although more Cu(IIl) complexes are observed or postulated as 
intermediates in a variety of reactions.’’ Compounds of the 0 and 
+4 oxidation states are extremely rare. The preferred or observed 
coordination numbers and etereochemistry for copper ions vary 
dramatically with oxidation state. For the spherically eymmetric 
d** Cu(lI) ion, coordination numbers range from two to five, with 
four predominating. The most common sterecchemiestriee are linear 
two-coordinate and tetrahedral four-coordinate with some 
distortions of these geometries, particularly in the presence of 
chelating type of ligands. A fow penta-coordinate copper(I) 


complexes have been characterized.’ 


In an octahedral environment the cupric ion which hae nine 
d electrons, would possess aA degenerate “E, electronic ground 
state. A geometric dietortion which removes this degeneracy would 
produce a more stable electronic structure, in accordance with the 
Jahn-Teller Theorem. Coneeguently, Cu(II) is normally found in a 
tetragonal environment with four ptrongly bound sauatorial ligands 
and one or two weakly bound axial ligands. Tetragonal coordination 
geometry inducee a splitting in the d orbitals. The d,._,. orbital 
hag the greatest repulgion with the s#quatorial ligande. Therefore, 
it is the highest-energy metal-centered orbital which is half 
occupied, and characterizes the tetragonal Cu(II) ground state ap 
*B,,."" However, four-coordinate tetrahedral or planar Cu(II) 
complexes are also known.‘? The differences in the preferred 


‘coordination numbere and geometries of Cu(I) and Cu(II) dictate 


the redox reactions of copper between these two oxidation states 
be accompanied by drastic coordination changes; the energy barrier 
for this rearrangement profoundly affects both the kinetics and 


thermodynamics of such reactions.“ 


The copper nucleus (*"Cu = 69 %, *°Cu = 31%) witha nuclear 
epin (I) of 3/2 couples to the unpaired slectron and produces a 
hyperfine splitting of the traneition into 2I+1 = 4 components. 
This epiitting ie quite evident in the g,, region (A,,) but ip 


"significantly smaller and often unresolved in the g, region.”” 


Typical reduction potentials of Cu(II)/Cu(lI} couples, and 
the dramatic variatione in such potentials, depend on ligand donor 
type and coordination geometry. The standard aqueous copper ion 


reduction potentials are 


Cua +e = OCW a E = +0.52V (NHK) 
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+ 0.15 Vங (NHE) 
giving, 
2 Cua = Cu + Cu EK = + 0.37 Vv. 


Thies ehows that Cu" is unstable in aqueous solution with reepect to 
disproportionation to metallic copper and Cu’*. Thus, there is 
essentially no aqueous chemistry of the cuprous ion in the absence 
of other Cu(I)-etabilising ligands. Copper(lI) is a soft acid 
favouring A to soft bases such as $ ha P ligands and 


unegaturated N containing ligands. Cu(II) predominantly favours O 


and N ligand coordination.’® 
1.3 Copper Proteins - Clapeification 


A number of important proteins and enzymee contain copper 
ions at their active ites, These copper protein sites Aare 
aesociatsd with a variety of vital biological functions, including 
oxygen traneport and activation, electron transfer, iron 
metabolism, and superoxide diemutation. The protein ligand 
impopes an unusual geometric and electronic structure at the copper 
eite. As a consequence, copper proteins often exhibit unique and 
characteristic spectral features compared to egmall molecule copper 
complexes. Studying these spectral features provides insight into 
ths correlation between active site electronic structure and 


biological function. 


Based on spectroscopic properties (mainly EPR), the active 
Bites of copper proteins have been classified into threes groupe,’” 
1, Il and III and this was originally applied to blue oxidases to 
distinguiegh the four copper lone contained in these proteins. The 
new claseification based on structural featuree and spectroscopic 
properties covering all types of copper eitee known to date ip a8 


follows:®° 


Type I. Mononuclear copper having a trigonal basal plane 
with an NLS ligand donor set (8 denotes thiolate sulfur from 
cysteine); exhibits unusual spectroscopic properties: 1) a strong 


absorption band at 600 nm, 2) a small A,, value of < 70 G, and 3) 


a high reduction potential (generally > 250 mV). 


Type II. Mononuclear copper site exhibiting a normal EPR 
spectrum. This type, however, can be divided into the following 
“ three classes: Type IIA: The ligand donors coms from ordinary 
protein residues, such ae histidine imidazole, cysteine thiolate, 
and water (or hydroxide}; Type IIB: The ligand donors include 
unusual protein side chains; Type IIC: The copper is bridged to 


another metal ion, forming a hetero-dinuclear metal site. 


Type III. EPR-eilent binuclear copper site that binds 
dioxygen as peroxide and exhibits unusual physicochemical 
characteristics: 1) diamagnetiem, 2) two characteristic absorption 
bands at 350 and 580 nm, and 3) a low 0-0 stretching vibration 


freguency (~ 750 em’). 


Type IV. Trinuclear copper site having an isosceles triangle 


ghape; two copper ions are strongly magnetically coupled. 


As firet predicted by spectroscopy, the geometry of the 
Type } biue copper bite is very different from that of normal 
copper centere ப that it is a dietorted Eotrshsdeon with a short 
cysteine (Cys) thiolate 8-Cu bond of 2.13 A. The remaining three 
ligands are two imidazole N atoms from histidine (Hie) reeidues 


and a thioether S from methionine (Met) with a very long Cu-Met 


bond length of 2.90 A.”* 


The most striking feature aesociated with the Type I copper 


7 
site is its intense blue colour reeulting from an absorption at 
= 600 nm. The molar absorption coefficients (€) of the band are 
located in the range of 3000 - 7000 M™“ om’, much higher than the 
vigible band observed for ordinary copper(II) complexes; for the 


latter the 4-4 band appears at 800-800 nm with € <x 700 M* cm’.?° 


The EPR spectra of oxidized blue copper centers exhibit 
&i: > &, > 2.00, indicating that the half-occupied ground state 
orbital is 3d,.._,.. This ground state is found in normal tetragonal 
copper(II) complexes. However, the KPR spectra of blue copper 
centers exhibit unusually emall parallel hyperfine splitting, the 
magnitude of which (60 x 10 cm”) is about one-third that of 
normal copper hyperfine epiitting. Sincs the half-occupied 3d 
orbital aesociated with thie EPR eignal is involved in the 
electron-tranefer reactivity of the blue copper protsins, it 1s 
essential to have a clear underetanding of the electronic 
structural origin of the small A,, splitting appociated with this 
ground~etate wave function.” For the blue copper pite, both the 
emall hyperfine splitting and intenge low-energy abgorption band 
reeult from a highly covalent Cu-5(Cys) bond that activates ths 


site for directional, efficient, long-range electron transfer.” 


The blue copper proteins are involved in electron transport 
and provide one of the best sxamples of active eite design. 
Electron transfer reactions proceed by a transition state in which 
the structures are intermediate between the reactant and product 


statee. In many capes, formation of the intermediate involves a 


8 

simple adjustment in metal-ligand bond lengths. However, in the 
case of Cu(I) anda Cu(II), it iB mors complicated because the two 
states normally have different geometries, tetrahedral and 
tetragonal (square-planar or octahedral) respectively. In such 
instances redox interconversions is more demanding in terms of 
energy. In the case of the blue copper proteins the existence of 
a compromise geometry acceptable to both oxidation etatees makes it 
easier to interconvert the two. From & not very favourable 
situation, therefore, nature hae learnt how to use copper a8 a 


redox center.” 


1.4 The Actives Site Structures in Certain Type I Copper 
Proteins 


1.4.1 The Active Site Structure of Plastocyanin 


Plastocyanins are the best characterized among the Type I 
blue copper proteins. The list of completed plastocyanin sequences 
now includes thoge from 20 higher plants, 4 green algae and one 
biue-gresn alga.”“““ Plastocyanin is involved in electron transport 
between photosyetems II and I of the chioroplast in higher plants 
and algae.”” More specifically, its function is to transfer 
electrons from cytochrome f (360 mV) to the chlorophyli-containing 
pigment P700* (520 mV) which ie & component of photosystem I. 
Photosynthesis occurs at the highly convoluted thylakoid membranee 
ineide the chloroplast. Both the Cu(II} and Cu(l) poplar structuree 
(Fig. 1.1) have been refined to resolutions of 1.6 A.” The 


dimensiones of the distorted tetrahedral Cu(II) active site do not 


Met 92 
CH 
Cys 84 வ 5 
. His 87 
Se 
நல்‌ த 
vO GO} 


Fig. 1.1 The active site in Plastocyanin 


vary for structures determined at pH 8.0 and 4.2, whereas Cu(lI) 
site shows a change in geometry from four to three coordination as 
the pH is decreased from 7.8 to 3,8 (Fig. 1.2).”°° The two 
Cu-N(Hie) and Cu=S(Cye) bond lengths are normal, af observed in 
low-molecular weight coordination complexes, but the Cu-5(Met) 
dletance is unusually long at 2.90 A. Thies and other features have 
provoked much interest in the epectroscopic properties of the 


proteins. 


The structure of apoplastocyanin obtained by soaking 
crystals of poplar PCu(l) in 0.15 MCN to remove the metal has 
been determined to 1.8 A resolution.”” The structure closely 
resemblee that of the haloprotein. In particular, the positions of 


the Cu-binding reeiduee in the apo- and haloproteins differ by only 
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87 


ப? 


& b 


Fig. 1.2 The copper site in Plastocyanin at high (7.8) (a) and low 
(3.8) pH (b) (Ref. 28b) 


0.1 - 0.3 A; this and the crystal ptructure of Hag(II) substituted 
plastocyanin’® indicate that the irregular geometry of the metal 


at the active eite is lmposed by the polypeptids backbones. 


1.4.2 The Active Site Structure of Azurin 


Azurins are found in the respiratory chainp of varioue 
denitrifying bacteria, where their role is to transport electrons 
between cytochrome C45, and cytochrome oxidase. The kinetics of the 
reaction of DP. aeruginosa &zurin and cytochrome Cp», has been 
gtudied.”* The role of the pssudoazurins is believed to bs to 
tranafer electrons to a copper-containing nitrite reductase” 
and their properties appear to be intermediate between those of 


pliastocyanin and azurin. 


11 
The refinement of the structure of Cu(II) state of azurin 


has shown (Fig. 1.3) that the geometry ie close to that of a 


Gly 45 


@ 


N 
Hg mgs 


1 


5 Cys ll2 


His 117 
CHa. 


Met [21 


Fig. 1.3 The active site in azurin 


Atetortad trigonal-bipyramid geometry (with axial bonds elongated) 
rather than the tetrahedral arrangement as in plastocyanin.”” The 
two N(His) bonds and the S(Cys}) bond are in a trigonal plans, and 
are eupplemented by the much larger S(met) bond (Cu-5 of 3.13 &) 
and the bond to the peptide carbonyl of Gly 45 (Cu-0 of 3.11 A), 
which occupy the two axial positions. The copper ion ie 0.10 A from 
the plane defined by His 46, Cye 112, and His 117. The same 


geometric arrangement applies in the cage of the Cu(I) protesin.”” 
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1.5 Importance of Sulfur Coordination in Type I Proteins 


Avery puzzling observation with blue copper proteins is the 
fact that the energy of the charge-transfer transition responsible 
for their strong blue colour does not vary much between proteins,” 
whereas the standard chemical reduction potential does. To explain 
this, Gray and Malmstrom” suggested that subtle changes in protein 
structure between the various blue proteins introduce a variation 
in M =-~> back bonding causing an increasing etabililzation of the 
Cu(I} etate as the « interactions become stronger. This idea has 
received support from an observed linear correlation of increasing 
LF eplittings with decreasing electron transfer reaction 
enthalpies.” Recently it has been confirmed experimentally that 
delocalisation of electron density into the thiolate cysteine 
ligand is the origin of the small parallel hyperfine splitting in 


the EPR spectrum of blue copper centers.”” 


Resonance HRaman spectra of Type I copper proteins 
{cupredoxins) show a multiplicity of vibrational fundamentals 
between 250 and 500 cm’, which is assigned to லம்‌ of the 
Cu-S(Cye} stretch with deformations of the Cys and His ligand eide 
chaine. A similar set of vibrational frequencies ie observed for 
eleven different cupredoxins. These findings suggest that all 
cupredoxins have a highly conserved Cu(His).Cye geometry including 
1} a trigonal planar array for the three Cu ligands and ii) a 


coplanar arrangement of the Cu-8-C8-Ca-N atoms in the Cu-cysteinate 


19 


moiety. A number of cupredoxin-type proteins have a strong 
absorption band near 460 nm in addition to their characteristic 
absorption near 600 nm. Kxcitation within either absorption band 
yields a similar resonance raman spectrum. Thus, both the 
electronic transitions are likely to have (Cys)S ---> Cu(II) charge 


transfer character. 


The orientation of the d,4-,. orbital is seneitiveiy 
dependent on the overlap with the Cye S px orbital, which in turn 
depende on the length of Cu-S(Cys) bond.” In plastocyanin this 
bond is £0 short that the strong overlap orients the d,.-,4 
orbital such that its lobes are bisected by the Cu~§ bond axis. 
The shape and கலித்‌ of the d,._,. orbital and thus the overlap 
with orbitals from which optical transitions are obeerved therefore 


depend sensitively on the Cu-S(Cys) bond length.°* 


Further, even though there is a possibility that ths apical 
thioether ligand may control the Cu(1l)/Cu(I) redox potential, its 
definite role still remains ambiguous.” So the synthesis and study 
of spectra and redox of low molecular weight coordination compounds 


containing Cu~8 bonds are eesential to further address this point. 
1.6 Cyclodextrins and their Inclusion Complexes 


Cyclodextrine (CDs) are naturaliy occurring molecular 
receptors which can alter the physical properties and chemical 
reactivities of guest molecules.” The lower members of this family 


are toroidally shaped polysaccharides made up of six (a-CD}, seven 
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(B-CD) (Fig. 1.4) and sight (T-CD) D-glucose monomers, joined by 
a(1-4}) bonde.”* The cyclodextrin exterior is hydrophilic, due to 
the hydroxyl groups that surround both rime of the cavity, the 
interior ie hydrophobic with a diameter of 5A (a), 6- 7A (8) and 


7 - 8A (T}) and ig capable of binding appropriately sized 


n=7 §-CD 
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Fig. 1.4 Structure of S-cyciodextrin 


moleculse.**™** These CDs are ths moet important and widely studied 


examples of hoet molecules. 


The rate and etereochemietry of organic reactions are 
significantly changed by the inclusion complexation of cyclodextrin 
with a substrate. The mode of action in these reactions are very 
gimilar to those in enzymes or biological receptors, so that 


cyclodextrins have been regarded as a good model compound for such 
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biopolymere. Since the structures »f cyclodextrins are well 
defined, ons can observe what is really happening At the action 
gite more unequivocally than in the cases of biopolymere. The CDe 
have very intereating catalytic properties and have been used a5 
models of hydrolytic enzymes. Many enzyme models have been 
reported” based on CDs or chemically modified CDe.”® The firet 


artificial metalloenzyme (Fig. 1.5) having a substrate binding 


_ ல்‌ / \ 
பழன ne N க 


Fig. 1.5 Structure of a inclusion complex formed by a Ni(II) 
complex with 8-CD, which has been reported ag a model 
for a metalloenzyme (Ref. 49) 


cyclodextrin cavity and a Ni(Il) complex, has been reported by 


Breslow et al.” 


1 16 ‘ 


Metal complexes of modified cyclodextrins or wetallo- 
cyclodextrine have been studied as metalloprotein models’ and it 
has been reported by Brown et al. that enantiogelectivity of a 
Ni(II) complex is increased by complexation with modified 9-CD 
(Fig. 1.6).”* 


Fig. 1.68 A possible structure of [Ni(8-CDpn)(S)-trp)", which 
exhibite increased enantioselectivity due to complexation 
with §-CD (Ref. 51) 


CDe may be involved in the second-coordination sphere of 
metal complexes by including hydrophobic organic inner-sphere 
ligands and so there ie a growing interest in the use of CDe as 
second-sphere ligands for transition metal complexes.*"*’"* For the 
first time, a transition metal complex-CD adduct, trialky1l- 
phosphaneplatinum complex with &-CD has been charaterised by X-ray 


crystallography (Fig. 1.7).°” Such reports have implications for 
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Fig. 1.7 Structure of the adduct formed between §-CD and 
trans-[Pt(PMe4, Cl. (NH,)]; a) crystal vwiewsd looking into 
the B-CD face carrying the secondary hydroxyl group 
b) glide on view of the adduct (Ref. 53) 


the design of drug delivery systems and water-soluble catalysis. 
Cyclodextrine may also form metal rotaxane complexes by including 


bridging ligands such as a,W-diaminocalkanes and a,W-bie(4,4’- 


18 
dipyridinium)alkanes coordinated to chlorobis(ethylenediamins)- 


cobalt(III)" and pentacyanoferrate(II) centers." 


In the present investigation the redox and spectral 
behaviour of certain selected copper(II) complexes in the pregence 


- of different CDs will be undertaken. 
1.7 Surfactants and their Interaction with Metal Complexes 


The self-aesembly of amphiphilic Epecios in water giving 
rise to the formation of “molecular clueters’ called micelies (Fig. 
1.8) is one of the central research topice in colloid ecience.”® 


Micelles in water are described as spherical aggregates of a 


Aqueous 
bulk 
phose 


Aunge of 
shear . 


surface 


— Stern foyer, 
up ioa lew A 


Gouy-Choapmnn 
double foyer, uo 10 
several hundtad A 


Fig. 1.8 A two dimensional schematic representation of the regions 
of a spherical ionic micelle. The counterions (X), ths 


head groups (9) and the hydrocarbon chain (AAA) are 
shematically indicated 
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surfactant monomer and catalysis of reactions within micelles has 
been studied extensively. They resemble enzymes in structure and 
functions since both micellee and enzymes bind substrates in a 

noncovalent manner. There are numerous studies of micellar models 
of enzymes. For carboxypeptidase enzyme a successful micellar model 


has been reported by Tagaki et al.’ 


Aqueous eolutions of ionic micelles composed of surfactants 
with hydrocarbon tails of 8-18 carbons attached to cationic or 
anionic head groups are attractive model systems for the ion 
binding properties of the much more complex syetems of natural and 


synthetic lipoeomee and veeiclee and biological membranes.*” 


Micelles and reversed micelles are able to eolubilize 
eubetances which are ingolubie in the bulk phage of the system 
considered. Thies eolubilization ie due to solvation by the 
amphiphiie and concomitantly a change in the order of tha 
solubilized molecules may occur 5&8 a consequence of its modified 
golvation ehell. The results obtained by interaction with 
micelles are generally interpreted in terme of pseudophaege modal 
in which the totality of the aggregates in solution is aesumed to 
act ag a separate phase. A two-site model has been successfully 
appiied to the distributions of counter ions; they are assumed to 
be either "bound" to the micellar peeudophapses or “free in the 


aaueous phase.** 


The electrochemical characteristics of ferrocene derivatives 


2 
solubilised and immobilised in anionic, cationic and nonionic 
micelles and ths effect of slectrical double layer on eiectron 
transfer through the interface have been reported by Fujihira 


et al.” 


Divalent metal ione having positive charges ars highly 
hydrophilic and cannot be incorporated into cationic micsliss. 
Anionic micellee tend to form water insoluble salts with divalent 
metal ions. Interactions of non-ionic micelles with divalent metal 
ions appear to be emall. Thup incorporation of a divalent metal 
ion into a micelle to form a catalytic center is not & 
straightforward procese without some devices. A simple device is 
to use a mixed micellar eybtem which is composed of chemically 
inert surfactant molecules and lipophilic ligands having a strong 
chelating ability towards metal ions together with a nucleophilic 


group for catalysis, such as illustrated in Fig. 1.8a 


(5 Surlactont monomer 


—C ட Lipophilic ligand 


We Divatent metal ion 


Fig. 1.8a Schematic illustration of a micellar model of a 
metalloenzyme 
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Redox behaviour of cobalt phenanthroline and terpyridine 
complexes in micellar solutions has been reported by Davies 
et al.;*" by incorporating different substituents in the ligands 
of the complexes and studying the changes in redox potentials in 
different micelles, the importance of hydrophobic interactions in 
addition to the electrostatic interactions has டம்‌ demonstrated. 
Kirchhoff et al.“ have studied the electrochemistry of technetium 
complexes in the presence of cationic, anionic and non-ionic 


micelles. 


The kinetics of the quinolins-promoted incorporation of 
copper(II) ion by tetraphenylporphine have been examined in a 
mineral oil in water microemulsion Etabilized by the anionic 


surfactant sodium cetyl eulfate and i-pentanol as cosurfactant.** 


In the present study, the spectral and redox behaviour of 
certain copper(II) complexes in different micelles has been 


investigated. 
1.8 Model Compounds for Copper Proteins 


It if generally believed that an enzyme provides not only 
the particular structure that constitutes the active site but that 
it also provides the environment necessary for catalysis. Thus 
within an aqueoue solution, it seems that only a large molecule 
can supply the hydrophobic exterior contributing to the solubility. 
Because of this it may be assumed that the active Bite is not 


gituated on the outer surface of the protein molecule. Also it is 


22 
unlikely that a small moiecuis, with a structure similar to that 
of the active site, would have any pronounced enzymatic properties 
in dilute aqueous solution. Even though & emall molecule may have 
a low catalytic activity, it ip in the study of the low molecular 
weight model system that it is possible to obtain highly accurate 
data rather than in the study of the protein iteelf. The 
interpretation of the data obtained for a small molecule is lees 
ambiguous than those obtained for a large protein. Thus a detailed 
investigation of a low molecular weight complex may yield important 
information regarding the geometry of the metal binding site for 
guch metal ion-protein molecule. On the other hand, when the metal 
ion is bound very specifically to a site having a hydrophobic 
environment, then it might be possible, at least in a few cases, 
to describe the geometry via a solid model compound, or via a 
complex formed in a solvent of less polar properties than those of 
water. These மக்கத்து are structural models, and they cguite generally 
indicate how proteins interact with copper ions; they should not 
be considered aa dynamic models suppoeed to have an "enzymatic' 


function in an aqueous solution.** 


The copper centers in proteins catalyze a variety of 
subetrate oxidation or oxygenation reactione or bind and transport 
dioxygen leading to extensive efforte by bioinorganic chemists to 
learn about the structures and mechanism of action of the protein 
active sites. This approach involves the synthesise and 
characterization of low molecular weight compounds that can 


duplicate either the physicochemical properties of the protein 
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active sites and/or mimic their functional attributes. The role of 
such model systems is to establish firmly the relevant coordination 
chemistry as a basis upon which reasonable and msaningful 


conclusions can be drawn from investigations carried out on the 


proteins. 


Significant parallel advances have been made both in our 
knowledge of the protein active sites and in 0. reactivities with 


synthetic copper coordination complexes in the last few years.**° 


Rorabacher’s group has isolated many Cu(II) complexes of 
the cyclic polythioesther ligands and found that thebe complexes 
have high Cu(II)/Cu(I) redox potentials.*”*” Some of these 
complexes exhibit a strong band at 800 nm with very high intensity 
ae in blue proteins.”’'*” However, the X-ray cryetal etructures of 
Cu(II} complexee of {14J]ane-84 and Et.-2,3,2-S, are planar and not 


tetrahedral (Fig. 1.9).”° 


Fig. 1.9 X-ray crystal struotures of a) [Cu(Eta-2,3,2- 
54 )(OHz ) (C104 ) (C104) (Ref. 70a) and b) Cu(14-ans- 
Sa )(C1Oa}, (Ref. 70b) 


‘ | 
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X-ray crystal structures of both Cu(II) and Cu(l) forms 
(square pyramidal and tetrahedral respectively) of a chelating NS 


ligand (1,8-bis(prid-2-y1)-3,8-dithiaoctane) (Fig. 1.10) have been 


Fig. 1.10 X-ray crystal structures of a) perchloratol1l,B-bhis- 
(pyrid-2-y1)-3,8-dithiaocctane]Jcopper(II}) cation and 
b) (1,8-bis(pyrid-2-y1l)-3,6-dithiaoctane copper(I) 


cation (Ref. 71) 
1 | 


reported by Brubaker et al.”* This complex resembles only the high 


redox potential of the blue proteins but not the spectral 


properties.”* 


Bpectral and electrochemical investigations for Cu(II) 
complexes of N.S, ligands (S, thioether; N, pyridyl, pyrazolyl, 
benzimidazolyl)} were carried out by Kanters,”” Haanetra” and 
Lucas et al.“ These complexes mimic only the redox potentials of 
the blue proteins but not the epectral properties. The X-ray 
crystal structures of Cu(II) complexes of pyridyl and pyrazolyl 


ligands’ * are sauare based ones (Fig. 1.11). 


Fig. 1.11 X-ray crystal structures of a) [Cu(1,9-bis(3,5-dimethyl- 
l=-pyrazolyl)-2,5,8-trithianonane)]** b) [Cu(1,9-bis- 
{(pyrid-2-y1)-2,5,8-trithianonane)]”" (Ref. 74da) 


Using a hindered tripodal pyrazolyl ligand Thompeon et al. 
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reported a copper complex as blue protein model which was expected 
to have a tetrahedral coordination geometry. The compound exhibits 
an intense 600 nm band but not the EPR spectral properties of blue 


proteins.” 


Reedijk et al. ieolated a seriee of Cu(II) complexes with 
NaS. ligands (8, thioether; N, pyrazolyl, imidazolyl, bens-— 


சுகு 


imidazolyl) as Type I models. In theese complexes, they have 
attained only the high redox potentials but not the spectral . 
properties. Moet of the X-ray crystal structures of these Cu(II) 


complexes are elther distorted octahedral or trigonal bipyramidal 


but not tetrahedral (Fig. 1.12).”” 


Fig. 1.iZa X-ray crystal structure of a) [Cu(bbtb)(H.O)]=- 
(Ref. 77b) 


Fig. 1.12b X-ray crystal structures of a) [Cu(bbdhx}Cl}" and 
b) [Cu(bidhx)Ci(BF,)] (Ref. 77c) 


Cu(II)-thiolate complexes are usually unatable with reepect 
to intramolecular redox reorganization and form copper(I) and 


disulfide and other thiol-derived oxidation products;”’ however, 


they can be stabilised by adding bulkineas to the ligand. Kitajima 
at al.”® reported & group of Cu(II)-thiolate complexee of hindered 
pyrazolyl ligands. One of the Cu(II) complexee, Cu(C1)(HB(3,5- 

1Pr2pz)4) (Fig. 1.13) with tetrahedral geometry exactly mimics only 


the epectral properties of the blue site but in CHCl, solution.” 


Fig. 1.19 ORTEP view of Cu(Cl)(HB(3,5-iFfr.pz).,) (Ref. 78a) 


All known active sitee in copper proteins are “intrineic"; 
that is they are formed only through the intimate interaction of 
the copper ioneg with the ligating protein reeidues. This generates 
a copper gite which ie quite different, both in geometry and 


ligation, from emall molecule copper complexes. It is unrealistic 


" | 


to expect to syntheeize a copper complex which is A detaiied model 
for an intrinsic protein site. It is possible, however, to generate 
emall, X~ray cryetallographically defined, electronic structural 
analogues which duplicate specific protein features and which can 
be studied in detail. Our underetanding of the electronic and 
gsometric structure of protein active sites has clearly benefited 
from such model studies. As our knowledge of active sites in copper 
proteins increases, electronic structure analogues will bacome of 


even great importance.’ 
1.9 Modelling Strategy 


One of the major goals of research in bioinorganic chemistry 
hae been to underetand the origin of the spectral features and to 
uee thie information to generate a working model of the geometric 
structure of the active elite in the absence of X-ray cryetallo- 


graphic information. 


Extensive synthetic work has been undertaken in order to 
clarify the active site structures and the origins of the unusual 
Bpectropcopic characterietics of copper proteins. These studies are 
based on the premise that the chemistry of copper proteins ip 
mostly dependent on ths coordination etructure of the copper eitee. 
The high kinetic lability of copper and ite tendency to adopt 
different coordination numbers and geometries in the +1 and +2 
oxidation etatee poge formidable obstacles in the design and 


eynthesie of appropriate egmall-molecule eystems. 
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The first step in modelling is choosing a suitable ligand. 
Chelating ligands with N (imidazole, pyrazole, pyridine or 
benzimidazole) and § (thiolate, thioether or disulfide) donors with 
euitable chelate ring structures are good choices. Sulfur- 
containing groupe, liks thioether or thivlate are important when 
modelling Type I proteins. Usually in model complexes the thiolate 
group is substituted by a thioether donor due to the low etability 
of the former. In proteins the peptide backbone sometimes imposes 
an unusual geometry upon the active site, which makes 1t euitable 
for a specific function. Hence, equally important for the 
stereochemistry is the presence of large substituents like the. 
benzo~ring in the benzimidazole. Besides direct steric effects of 
euch bulky groups on the coordination geometry, they may also 
prevent the metal ion to be approached by compounds that would give 
side reactions. In the proteins an analogous feature is 
encountered; the active site ls immersed in the bulk of the protein 
and is only accessible to specific substrates. By deiiberately 
varying the steric conetraints in model compounds it is poesible 
to investigate the relation between the structure and activity in 
the model compound.”*” The copper complexes are characterized using 
various spectral and slectrochemical techniquee and finally their 


properties are correlated with the features of natural proteins. 
1.10 Scope of the Present investigation 


The present thesis describes the synthesis and phygical and 
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chemical properties of low-molecular weight compounds containing 
thioether sulfur donors, as models for Type I copper proteins. Also 
the spectral and redox properties of certain of these model 
complexes in aqueous solutions of various cyclodextrins and 


micelles have been etudied. 


One of the special properties of the blus copper proteins 
is fast electron transfer and high redox potential, which are 
responsible for their electron transfer function and it is believed 
that both steric hindrance and presence of thioether euifur are 
neceseary for this.’” Rorabacher et al. have systematically carried 
out spectral and electrochemical studies on Cu(II) complexes of 
various macrocyclic polythiaether ligands*”’“*® and concluded that 
the presence of mw-donor atoms is more essential to the high redox 
potential of the biue proteins than is the tetrahedral geometry 
impoeed by the protein supérpetructure. By contrast, several others 
suggested’ that the relatively high redox potentials of blue 
proteine is due to Bometimee unusual copper coordination geometry 
in them. Thus the definite role of thioether coordination to 
copper(Il) has not been unambiguously established. Very recently 


d’”°-"’ the unique spectral features of 


Solomon et al. have agcribe 
blue copper proteine to a high anisotropic covalency of the ground 
etate wavefunction involving the thiolate ligand which provides a 


very efficient superexchange pathway for long range electron 


transfer. The present thesis aims at studying the importance of 


copper-thioether coordination in affecting the spectral and redox 
properties and this constitutes the scope of Chapters 3 to 5. It 
is proposed to synthesise several multidentate thioether-containing 
ligands and their copper(II) complexes, investigate their spectral 
and redox properties and evaluate the effect of varying geometric 
constraints upon the spectral and electrochemical properties of 
copper. By increasing the number of euifur donors and changing the 
chelate ring size in a systematic manner geometric constraints 
around copper may be varied. A series of open chain tetra- and 
pentathivoether carboxylic acid ligands and their Cu(II) complexes, 
with varying chelate ring sizes will be isolated. In Chapter 3 the 
spectral and electrochemical properties of these complexes will be 
discussed in comparison with those of the corresporiding cyclic 


thiaether ligands.°* 


A number of reports on Cu(II) complexes of tetradentate 


75,83 


ligands’ with NaS. donor set have appeared and the changes in 


spectral and redox properties’’'®* 


on varying the chelate ring seizes 
have been evaluated. So it is of great interest to probe the 
sheds of enlarging the ligand by varying the chelates ring 
eizes and number of peulfur donor atoms from two to three to four 
to five, on atructure and properties of க compiosxes. S80 
in Chapter 4 the consequences of incorporating two methylene groupe 


between sulfur and benzimidazole (bzim) in a Cu’’N.S. complex and 


between sulfur and pyridine (py) donors in a Cu’‘N,8, complex on 
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structurs and spectral and redox properties of copper(II) complexes 
are probed. It is also planned to isolate and study the copper(II) 
complexes of bis(benzimidazolyi) ligands with four and five 
thioether donor atoms, incorporating various anions. The effect of 
different chelate ring systems around copper(II}, on the spectral 
and redox behaviour of these complexes will be analysed in Chapter 
5. It is proposed to derive the possible co-ordination geometries 
of these complexes from their ligand-field and EPR spectra, in 
comparison with those of related complexes. This study is expected 
to throw light on the effect of incrsasing number of thioether 


donors on the redox and gpectral properties. 


Though useful, most of the previous studies of Type I model 
compounds were restricted to non-aqueous solvents and are not 
directly relevant to the biological environment encountered by 
copper proteins. In an effort to understand the redox fate of 
biomimetic copper(II) complexes in more biologically relevant 
media, a study of their electrochemical properties in aqueous 
surfactant solution has been initiated. In Chapter 6 is probed the 
behaviour in micellar solutions of a few copper(Il) complexes 
containing biomimetic donors like thioether and py or bzim 
nitrogen, which have been investigated as models for the blue sites 
(Chapter 4).7*‘”* The influence of anionic (SDS), cationic (CTAB), 
and nonionic (Triton X-100) surfactants on the redox behaviour will 


be discussed. 
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The irreversible MV*/MV° redox couple in aaueous solution 
becomes reversible by specific inclusion complex formation with 
B-CD.°* Also CDs have been studied extensively as models for enzyme 
active sites.”°°*” So it is proposed to investigate the electro- 
chemical behaviour of certain Cu(II) complexes deeigned as models 
for blue proteins, in the presence of CDs. Such a study is expected 
to throw light on their redox behaviour and the results of the 


study are presented in Chapter 7. 


At the outset of Chapters 3 to 7 a brief introduction and 
A review of the relevant previous work are provided. The study 
of the importance of copper-thioether coordination starts with the 
synthesis of ligands which contain the desired functional groups. 
The ligands will be complexed mostly with Cu(Ci0d4 )4.68H.0 and in some 
cases with various copper(ll) pelts to highlight the effect of 
anions. The general experimental materials, methods and techniques 
are deegcribed in Chapter 2 and the procedures for the synthesis of 
ligands and the preparations of their copper(II) complexes are 


included in the reepective chapters. 


In order to determine the coordination geometry of the 
copper complexes, physical methods like UV-Vis and KPR techniguee 
will be used. The X-ray crystal structure analyses of suitable 
single crystals will be undertaken. Since it is generally accepted 
that a change in valence etate involving Cu(II) and Cu(l) species 


must be involved in the reactions of many copper proteins, the 


electrochemistry of well characterised copper(II} complexes will 
be investigated using cyclic and differential pulses voltammetric 
techniques. Further, the techniguee employed so far for studying 
micelles metal complex interactions have been almost confined to 
spectroscopic ones eventhough the electrochemical techniques are 
more informative than the former. Finally, the relationship between 


redox and structure of the complexes will be analysed in the light 


of those of the active sites of copper proteins. 


Parts of this thesis have been pubiished before’”’®*” or have 


been eubmitted for publication.”’"”” 
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CHAPTER 2 


2. GENERAL EXPERIMENTAL MATERIALS, MKTHODS AND TECHNIQUES 


2.1 Materiales 
2.1.1 Chemicals 


The following chemicais were used as received. Sodium 
borohydride, copper tetrafluoroborate hexahydrate, 2-vinylpyridine, 
3-chloropropionic acid, tetra-Nethyiammonium bromide, sodium 
perchlorate, sodiumdodecy! sulfate and cetyltrimethylammontum 
bromide (Fluka); iodine, thioursa and copper(II) chloride dihydrate 
(B.d’p Fine chom pvt itd, India); bis(2-mercaptoethyl)eulfide, 1,2- 
ethanedithioi, 2-chioromethyipyridine hydrochloride, 1,3- 
propanedithiol, a-cyclodextrin, Brcyclodextrin and T-cyclodextrin 
(Aldrich); Cu(NO, ).. 9HL0 (BDH, India); 1,2-diaminobenzene, magnesium 
sulfate and sodium perchlorate (Sisco, India); chloroethanol, 
magneeium turnings, potassium hydroxide, sodium bicarbonate, 
2-chloroacetic acid and hydrobromic acid (E. Merck); Triton X-100 
(Ubichem)}; copper perchlorate hexahydrate and tetra-Nhexylammonium 


perchlorate (G. F. Smith, USA). 
2.1.2 Solvents 


Methanol (Analar}), ethanol, acetonitrile, dichloromethane 
{Analar) (Merck, India and Qualigenp, India) and dimethylformamide 


(Analar) (Qualigene, India). 
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2.1.3 Preparation and Purification of Supporting Klectrolytes 


Totra-N-hexylanmonium perchlorate (THAP) 


This electrolyte purchased from G. F. Smith was 
recrystailised twice from aqueous ethanol and dried under vacuum 


over PaO,o- 


Sodium perchlorate 


Sodium perchlorate was recrystallised from methanol and then 


used. 


Tetra-N-ethylammonium bromide (TEABr) 


The tetra-N-ethylammonium bromide obtained from Fiuka wae 
recrystalliped twice from aqueous ethanol and dried under vacuum 


over P40,o- 


2.1.4 Purification of Solvents 


The commercial solvents were distilled and then used for the 
preparation of the complexes. For spectroscopic and electrochemical 
etudiee methanol was purified by refluxing it with Mg turnings and 
iodine and then distilled. Dimethyiformamide was distilled 
(40 - 50 °C} under reduced pressure, after drying it over P.O, and 
neutralising the resulting phosphoric acid generated by the 
addition of crystalline NaOH peliete. Acetonitrile was dried over 


PaO, and then distilled. Commercial ethanol was distilied and used. 
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Acetonitrile (100 % purity) was obatined by refluxing it with P40,» 


for 2 hours and then distilling it. 
2.2 Physical Methods 


The elemental analyses were performed at the Central Drug 
Research Institute (CDRI}), Lucknow, India, Hindustan Photoftlms, 


Ootacamund, india and City University, London. 


The *H NMR spectra were obtained at room temperature using 

Bruker 100 MHz and 270 MHz spectrometers and the chemical shift 
values are reported with respect to tetramethylsilane as internal 
etandard and the values are reported as: &-values (multiplicity, 
coupling constant, aspignment). The mass spactra wers obtained from 
Finnigan 4000 GC-MS instrument with data for the lower mase 
fragmente truncated below m/e = 50 and 10% intensity and if the 
parent ion peak could not be observed, the molecular ion peak with 
highest mass is reported. Melting points reported are uncorrected. 
The infrared spectra were recorded as Nujol mulls or KBr disce 
using Shimadzu IR-4935 instrument and the frequencies are reported 


in com*. 


The diffuse reflectance and the solution spectra wore 
measured on a HITACHI U=3400 double beam UV-Vis-NIR 


gpectrophotometer. 


The EPR spectra were obtained on a Varian K-12 X-band 
spectrometer, the field being calibrated with diphenylpicryl- 


hydrazyl (DPPH). The g4 and A, values were eetimated at ambient 
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temperature and g,, and A,, at 77 K. The values of A, and &, 
were computed as 1/2(3A_-A,,) and 1/2(3g_-8,,) respectively. Second 


= 


order corrections*’” were applied to the resonances fislds of the 


transitions, from which g. and A, were obtained. 
2.3 Electrochemical Techniques 


Cyclic Voltammetry and Differential Pulse Voltammetry on 
glassy carbon electrode and platinum sphers electrode were 
performed at 25.0 + 0.2 °C. The temperature of the electrochemical 
cell was maintained by a cryocirculator (HAAKE DA-G). Voltammograms 
were generated with the use of EG&G PAR Model 273 potentiostat. An 
IBM PS~2 computer along with EG&G M-270 software wae employed to 
control the sxperiments and to acguire the data. An EPSON FX-850 
printer and HP plotter (DMP-40) were used to print and plot out the 
cyclic voltammograms respectively. A three electrode system 
consisting of a platinum sphere (0.2328 cm) or glagey carbon 
working electrode (0.3778 cm), a platinum plate auxiliary 
electrode and a reference electrode wae used. The reference 
electrode for non-aqueous solutions was Ag(s)/Ag* which consists of 
a Ag wire immersed in a solution of AgNO, (0.01 M) and tetra-N- 
hexylammonium perchlorate (0.1 M} in acetonitrile placed ina tube 


3 The Biz observed under 


fitted with a vycor plug uring a Elseve. 
identical conditions for Fe/Fc" couple in acetonitrile was 0.100 V 
with respect to Ag/ig’ reference electrode. A saturated calomel 


electrode (EG&G Princeton Applied Reeearch) was used in the cage 
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of aqueous solutions. The E,.» value observed under identical 
conditions for Fe(11)/Fe(III) couple for hydroxymethyiferrocene in 
aqueoue 0.1 M NaCl0d, solution is 0.194 V vs SCE and AE,’ (AE, at 
zero scan rate) is 59 mV. The experimental solutions were 
deoxygenated by bubbling research grads nitrogen and an atmosphere 
of nitrogen was maintained over the solution during measurement. 
The solvente for the electrochemical experiments were purified and 


distilled ae deecribed earlier. 


The redox potential E,.. was calculated from the anodic 
{E,+) and cathodic (E,.) peak potentials of CV traces as (E,. + 
E,-)/2. The redox potentials were also estimated from the DPV 
(Differential Pulse Voltammetry) peak potential E, useing the 
relation” 


Essa FE, + AE/2 


where E,,a if the equivalent of the average of K,. and E,, in CV 


experimente and AE is the pulse amplitude. 
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CHAPTER 3. 


3. HIGH POTENTIAL COPPKR(II) COMPLKXES OF OPEN CHAIN 


TKTRA- AND PENTATHIAKTHER LIGANDS 


க 


3.1 Introduction 


There is continuing intesreet in the coordination complexes 
of copper(II) with thicether donors, in view of the methionin 
sulfur coordination to copper in the actives piteaA of the blue 
copper proteins plagtocyanin and agurin.’~” It has not yet been 
clearly resoived whether the unusual thermodynamic and ppectral 
properties of these proteine are due to sulfur coordination or the 
unique tetrahedrally distorted coordination geometry of the active 
gite.* Through extensive studies on copper complexe of thioether 
1ligande Rorabacher et al. have made it apparent that thioether 
eulfur donor atoms, though weak, tend to be selective for copper 
in the so-called copper triangle.”’“ Based on the successful X-ray 
crystal structure and electrochemical study of Cu(II) and Cu(lI) 
complexes (Fig. 3.1) of exactly the same open-chain [R2-2,9,2-S4, 
R = Me (Li), Et (L2)] and the cyclic polythiaether®’’” (L1l4jane-S4 
(LA), [15]ane-5, (L9)) ligands (Fig. 3.1), they have concluded that 


the presence of «donor atoms ie more essential to the high 
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_— _ 


R= Me (L4),Et(L2) 
CH2COOH (L3) 
CHp CH» COOH {L4) 


d 
[Cu{L8) ]** 


R= CH>COOH (LS) 


இக 6 ST-T5 
BN NZ 
/ Cu | Cu 
\ | 
LNA NN 
R Rk h 

b c 


R = CHzCOOH (L7} 
CHz CHyCOOH (L6) 


[Cu(L9) 1° 


Fig. 3.1 Proposed geometries for the copper(II) complexee. 
Axial ligation is present in structuree ia, lb 


and id 
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potential of the blue proteine than is the tetrahedral geometry 
imposed by the protein superstructure.” Both the resonance Raman‘° 


2,11 


and recent thermodynamic measurements on perchlorate adduct 
formation imply that all the sulfure in these complexes remain 


coordinated to Cu(II) in aqueous solution also. 


However, several electrochemical studies on low molecular 
weight coordination compounds involving varying donor atoms hava 
concluded that the unusual copper coordination geometry in blue 
proteins 18 தாக ப responsible for thelr relatively high redox 
potentials.’” In order to probe the effect of varying geometric 
constraints upon ths electrochemical properties of copper in a 
gyetematic manner, it is essential to acquire electrochemical data 
on a series of copper(II) complexes of single multidentate 1igands 
while maintaining a constant donor set. In this chapter are 
described the synthesis of open-chain tetra- and pentathiaether 
ligands (L393, L4, L5, L6 and L7, Scheme 3.1), spectral and 
electrochemical properties of copper(II) compiexes of these 
ligands, ostensilbily involving the same S., and S4 donor sete 
respectively. The effect of varying geometry by systematically 
changing the chelate ring size and number of sulfur donor atoms on 
the spectral and electrochemical behaviour is discussed in 
comparison with the corresponding cyclic thiaether complexes 


reported’ already. 


S 
(HC), (>) 
COOH Hood 
L5 n=2, m=! 
Le n=2, ms=2 
L3 n= 3, mel 
L4 n = 3 m=2 


COOH HOOC 


ட7 


Scheme 3.1 
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3.2 Experimental 


3.2.1 Synthesis of Ligands 
2,5,8,11-Tetrathiadodecane-1,12-~dicarboxylic Acid (L5) 


Stirred (0.5 h) was 1,2-ethanedithiol (9.3 g, 98 mmol) with 
sodium borohydride (0.5 g, 13 mmol) in 95 % ethanol (100 mL) under 
dinitrogen. Then 87 % potassium hydroxide (18.8 g, 281 mmol) was 
added followed by water (30 mE). After the dissolution of the 
alkali, 2-chlioroethanol (16.12 g, 200 mmol) in ethanol (30 mL) was 
added over a period of 1 hour, stirred overnight, refluxed (0.5 h) 
and then the solvent was removed (rotary evaporator). The solid was 
refluxed (0.5 h) with thiourea (14.9 g, 196 mmol) and 48 % 
hydrobromic acid (43.2 g, 250 mmol). After cooling, sodium 
hydroxide (25.2 zg, 630 mmol) in water (50 mL) was added slowly in 
a fast stream of nitrogen. During the alkali addition the mercaptan 
layer separated initially but dissolved off conpletely at the end 
of the addition. Then the mixture wae heated to nearly B0 °C and 
2-chloroacetic acid (17.6 g, 186 mmol) which wae already 
neutralised with sodium bicarbonate (15.7 g#, 1886 mmol) in water 
(50 mL), wag added slowly with constant stirring. The mixture was 
stirred overnight and then refluxed (5 h}). The pH of the solution 
was reduced to one using 6N hydrochloric acid during which a 
voluminous mage separated. The precipitate was recrystallised from 
aqueous ethanol. Yield, 66 %, m.p. 88 °C; (Found: C, 35.9; H, 5.48. 
C,oHia Sada requires C, 396.3; H, 5.49 %); MB: m/z 330 (M’) (0.7%); 


IR : 1680, 1420; *H NMR (DMSO-d): § 2.48 (5, 4H, -5-CHz-~CH.2-S~), 
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2.78 (5, 4H, -3-CH.-), 2.86 (s, 4H, -CH.-8-), 3.2 (&, 4H, 
-8-CH, -COOH) . 


2,6.,9,12-Tetrathiatetradecane-1,14-dicarboxylic Acid (L6) 


\ 


Stirred (0.5 h) was 1,2~ethanedithiol (95 g, 101 mmol) with 
sodium borohydride (0.5 g, 13 mmol) in 95 % ethanol {100 mL) under 
dinitrogen. Then 87 % potassium hydroxide (18.9 g, 2862 mmol) was 
added followed by water (30 ml). After the dissolution of the 
alkali, 2~chloroethanol (16.22 g, 201 mmol) in ethanol (20 mh) was 
added over a period of 1 hour, etirred overnight, refluxed (0.5 h) 
and then the solvent wae removed (rotary evaporator). The solid was 
refluxed (0.5 h) with thiourea (14.9 g, 196 mmol) and 48 % 
hydrobromic acid (43.1 gg, 250 mmoi). After cooling, sodium 
hydroxide (25.4 g, 635 mmol) in water (50 mL) was added slowly in 
aA fast stream of nitrogen. During the alkali addition the mercaptan 
layer separated initially but dissolved off compietely at the end 
of the addition. Then the mixture was heated to nearly 80 °C and 
3-chloropropionic acid {20.8 g, 186 mmol) which was already 
neutralised with sodium bicarbonate (15.7 g, 186 mmol) in water 
(50 mL), was added plowly with constant stirring. The mixture was 
etirred overnight and then refluxed (5 h). The pH of the solution 
was reduced to one using 6N hydrochloric acid during which a 
voluminous maps separated. The voluminous precipitates obtained was 
recrystallised from aqueous ethanol. Yield, 68 %, m.p. 162 °C; 


(Found: C, 39.9; H;, 6.01. C,zHzz S404 requires C, 40.2; H, 6.18 x); 
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MS: m/z 133 (18%); IR: 1680, 1420; *H NMR (DMS0-d,): 8 2.09 (5, 4H, 
-8-CH4-CH-5-}, 2.51 (t, 8H, J = 7.0, -8-CH,-CH-8~}, 3.57 (t, 4H, 


-8-CH.-—), 4.10 (t, 4H, -CH.-COOH). 
2,5,9,12-Tetrathiatridecane~1,13-dicarboxylic Acid (L3) 


Stirred (0.5 h) was 1,3-ethanedithiol (10.8 g, 99 mmol) with 
sodium borohydride (0.5 g, 13 mmol) in 95 & ethanol (100 mL) under 
dinitrogen. Then 87 % potassium hydroxide (18.7 gg, 280 mmol) was 
added followed by water (30 mL). After the dissolution of the 
alkali, 2-chioroethanol (16.2 g, 201 mmol) in ethanol (30 mL) was 
added over a period of 1 hour, stirred overnight, refluxed (0.5 h) 
and then the solvent was removed (rotary evaporator). The solid was 
refluxed (0.5 h) with thiourea (14.9 g, 196 mmol) and 48 % 
hydrobromic acid (43.1 g, 250 mmol). After cooling, Bodium 
hydroxide (25.2 g, 630 mmol) in water (50 mL) was added siowly in 
a fast stream of nitrogen. During the alkali addition the mercaptan 
iaver separated initially but dissolved off completely at the end 
of the addition. Then the mixture was heated to nearly 80 °C and 
2-chloroacetic acid (17.6 g, 186 mmol) which wae already 
neutralised with sodium bicarbonate (15.7 ௧, 186 mmol) in water 
(50 mL), wag added slowly with constant etirring. The mixture was 
stirred overnight and then refluxed (5 h). The pH of the solution 
was reduced to one using 6N hydrochloric acid during which a 
voluminous mass eeparated. The precipitate was recryetailised from 


aqueous ethanol. Yield, 89 %, m.p. 84 °C; (Found: C, 38.5; H, 
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5.87. CG, Hko9a404 requires C, 38.4; H, 5.85 X); M8: m/z 344 (M") 
(3%); IR: 1690, 1420; “H NMR (DMSO-d): 8 1.86 (t, 2H, J = 7.1, 
-CHz=-), 2.67 (tt, 4H, J = 7.1, -CH-S8=)}, 2.78 (5, 8H, 


=-5-CH.-CH.-8-), 3.20 (sg, 4H, S-CH_.-COOH). 
2,6,10,13-Tetrathiatridecane-1,15-dicarboxylic Acid (L4) 


This ligand was prepared from the reported procedure’ as 
followe. Stirred (0.5 h) was 1,3-propanedithiol (11.0 g, 102 mmol) 
with sodium borohydride (0.5 g, 13 mmol) in 95 % ethanol (100 mL) 
under dinitrogen. Then 87 % potassium hydroxide (19.1 g, 286 mmol) 
was added followed by water (30 mL). After the diesolution of the 
alkali, 2-chloroethanol (16.75 g, 208 mmol) in ethanol (20 mL) was 
added over a period of 1 hour, etirred overnight, refluxed (0.5 h) 
and then the solvent wae removed (rotary evaporator). The solid wae 
refluxed (0.5 h) with thiourea (15.1 g, 198 mmol} and 48 % 
hydrobromic acid (43.5 g, 253 mmol). After cooling, sodium 
hydroxide (25.5 g, 636 mmol) in water (50 mL) was added slowly in 
a fast stream of nitrogen. During the alkali addition the mercaptan 
layer separated initially but diseolved off completely at the end 
of the addition. Then the mixture was heated to nearly 80 °C and 
3-chloropropionic acid (21.0 g, 188 mmol} which was already 
neutralised with sodium bicarbonate (15.7 g&, 186 mmol} in water 
(50 mh). was added slowly with constant stirring. The mixture was 
stirred overnight and then refluxed (5 h). The pH of the solution 


wa reduced to one using 6N hydrochloric acid during which & 
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voluminous mass separated. The voluminous precipitate obtained was 


recrystallised from aqueous ethanol. Yield, 70 %, m.p. 142 °C. 
2,5,8,11,14-Pentathiapentadecane-1,15-dicarboxylic Acid (L7) 


Stirred (0.5 h) was 2-mercaptoethyleulfide (3.1 g, 20 mmol) 
with sodium borohydrids (0.5 g, 13 mmol) in 95 & ethanol (75 mL) 
under dinitrogen. Then 87 x potagslium hydroxide (3.9 2, 58 mmol) 
was added followed by water (20 mL). After the dissolution of the 
alkali, 2-chloroethanol (3.26 g, 40.5 mmol) in ethanol (20 mL) was 
added over a period of 1 hour, stirred overnight, refluxed (0.5 h) 
and then the solvent was removed (rotary evaporator). The solid was 
refluxed (0.5 h) with thiourea (3.24 g, 42.6 mmol) and 48 % 
hydrobromic acid (9.45 g, 54.9 mmol). After cooling, sodium 
hydroxide (5.04 ig, 126 mmol) in water (50 mL) was added slowly in 
a fast etream of nitrogen. Daring the alkali addition the mercaptan 
layer separated initially but diseolved off completely at the end 
of the addition. Then the mixture was heated to nearly 80 °C and 
2-chloroacetic acid (3.52 g, 37.2 mmol) in water (30 mL), was added 
eglowly with congtant stirring. The mixture was etirred overnight 
and then refluxed (5 h). The pH of the solution was reduced to one 
using 6N hydrochloric acid during which a voluminous masse 
separated. The solid formed wae peparated and recrystallised from 
agueous methanol. Yisid, 72 %, m.p. 99 °C; (Found: C, 37.3; H, 
5.81. Cz Hza S04 requires C, 36.9; H, 5.68 *); MS: m/z 391 (M*) 


(10%); IR: 1685, 1420; *H NMR (DM80-d.): 6 2.09 (5, 4H, -5~-CH.-), 
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2.50 (&, 4H, -CH2-5-), 2.60 (t, 4H, J = 6.7, -5-CH.~), 3.53 (t, 4H, 


J = 6.6, -CH:-S~), 3.65 (s, 4H, -CH-COOH). 


3.3 Resulte and Discusion 


J.3.1 Synthesis 


Almost all the present ligands have limited solubility in 
water and methanol. However, the addition of a solution of 
Cu(C104 )..6HL0 in methanol to a eusgpension of the ligands in 
methanol in 1:1 etoichiometry, with stirring led to the formation 
of dark green solutions which on standing became eventually 
reductively bleached by solvent, either thermally or 
photochemically’* like many other chelates involving thioether 
donors.“ Our attempts to isolate solid complexes by slow 
evaporation of these solutions were thwarted and so we made 
spectral and electrochemical studies on these dark green solutions 
immediately after preparation. On adding excees ligands, they were 
found insoluble. The copper(II) complexes isolated at higher pH 
(7.0 - 10.0) were insoluble in most of the solvents and were not 


investigated. 
9.3.2 Spectra 


A11 the five Cu(II) complexee in frozen methanol soiution 
exhibit X-band EPR spectra with g and A values that match with 
those of free Cut(II).’* This is obviously due to the low stability 


of Cu(II)-thiaether complexee’’ and the displacement of coordinated 
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thioether by methanol” at low temperature. 


All the present complex species display only one ligand 
field band in the range 14.3 - 16.3 kK, both in methanol (Fig. 3.2) 
and acetonitrile (Fig. 9.2) solutions (Table 3.1). The entries in 
thie Table euggeet that acetonitrile a etrong donicity solvent does 
not displace any coordinated thioether from copper. The band 
positions are generally in the same range as those observed for 
{Cu(L2})]°* (16.3 kK) in which the ethyl groups displace one of the 
sulfur atoms by 0.78 A from the Cus, plane” and so we suggest a 
similar non-planar 84 coordination for the present open-chain 
tetrathiaether complexes. The lower Ves values of [Cu(L4)1* 
compared to [Cu(L3)]° and (Cu(L2}1°*, and of [Cu(L8)J** compared 
to [Cu(L§}]°* imply that the steric demand of CH.CH.COOH group 
distorts the coordination of the fourth sulfur atom more 
significantly than do CH.CH, and CH.COOH groups. However, the 
possibility of preferential axial interaction by unionised 
CHLCH. COOH group contributing to this lowering in Nan cannot be 
ruled out. Further, {[Cu(L5)]** possesses a ligand field stronger 
than that (Cu[12Jane-8,]°* does (14.8 kK).‘° Obviouely, the open 
chain ligand L5 provides an optimal fit for the nearly sguare 
planar coordination, better than the corresponding macrocyciic 
ligand, as expected. Thus they appear to be fit for S4 rather than 
8,D (D = donor solvent) coordination.’* The latter requires 
“folding’ of such ligands’” to generate adjacent five-membered 


chelate ring systems joined at thioether sulfur. We suggest that 


Table 3.1 


Complex 


[Cu(L3)1°* 


[Cu(L4A) 1°* 


[Cu(L5)1** 


[Cu(L6)]*" 


[Cu(L7)]*° 
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Rlectronic spectral data* (J,.. in kK and € in 
M™ em’ in parentheses) for [Cul]"* 
syeteme in methanol and acetonitrile at 25 °C 


Vian (€) 

Solvent Ligand Field Charge Transfer 
MeOH 16.3 (58) 25.5 (580) 
MeCN 18.5 (61) 24.9 (320) 
MeOH 14.5 (29) 23.9 (60) 
MeCN 14.6 (89) 24,2 (500) 
MeOH 15.6 (86) 24.9 (640) 
MeCN 15.1 (82) 25.8 (350) 
MeOH 13.6 (49) 27.1 (130) 
MeCN 14.3 (121} 25.6 (640) 
MeOH 14.7 (66) 25.8 (550) 
MeCN 14.9 (113) 25.7 (660) 


“ {Cu} = 0.01 M; [LJ = 0.011 M; [NaCl0,} = 0.1M 


00! 


TOueyjow UT 


0479 UF pOFeIoUuoH TIER ‘(P) .c[(5T)ND] pie (D) (ETN) 
‘(a) .2[(91)n0] *(¥) .s[(¥T)N0] 30 ea30eds ples PUES 


(wu) Uibus| 8ADM 


oll 000 | 006 


CE HW 


00s 


eoupDqiosqy 


B[TAATUO2a0E UT 


04T8 Uf peyeaeusH ITE ‘(P) .z[(9T)N0] pue (9) el (¥T)H0] 
‘(Q) el (ST)n0] ‘(¥) _=[(ET)ND] 30 BAQoode PTT] PUSSFT £°E ‘BTA 


(Wu) Uj6u9| BADM 


009 00s 


0oll 00d) 006 008 ool 
000-0 


85uDqiosqy 


000-2 


58 


such a folding occurs only when strong donors are available within 
the multidentate ligand to default to equatorisl positions, as 
observed in {Cu(Li0)]°" (L110 = 1,9-bis(2-pyridyl)-2,5,8- 
trithianonane],’” ([Cu(Li1)4]°* [LiL = bie(benz)imidazolyl- 
methylsuifide],*® [Cu(Li2)1 [L112 = ~00C-CH.-S5-{CHCH.-8).- 
CHLCOO~],*° and [Cu(L19)(L14)]* (113 = bis(benzimidazolyl)- 
methyleuifide, L144 = acetylacetone].”* So the present complexes are 
interesting candidates for molecular dynamics calculations. Their 
K-ray crystal structures are obviously essential for establishing 
cur suggestions but our attempts to even isolate them were not &o 


far fruitful. 


The increase in ligand field strength caueged by bonding the 
fifth sulfur donor in [Cu(L7)]°*, is offset by the probable axial 
coordination of one of the sulfurs (Fig. 3.1c) af in ite 
corresponding cyclic analogue [Cu(L9)]°*.*" Further, the lower band 
position for [Cu(L7)]"" compared to that for [Cu(L9)}°* (17.7 KK), 
illustrates the fitness of the cyclic ligand LB to provide a square 
planar S4 core to copper(II); this is eimilar to that of LG 


compared to L2. 


The intense band observed around 28.0 kK (Fig. 3.4) for all 
the present {Cu(L)]** systems is assigned to S(g) ---> Cu(II) 


௯ 


charge transfer transition.” In methanol solution the trend in 
Eze Value of this CT band is [Cu(L5)]* > [Cu(L3)1°* > 


[Cu(L6)]°* > [Cu(LA)}** and is the same As that in €,.. of LF band. 
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This trend is consistent with the fast bleaching of (Cu(L6))** and 
reflecte the poor Cu-§ overlap cauped by the enhanced distortion 
due to CHACHLCOOH groupe. Interestingly the €,.., Value shows a 
distinct decrease upon going from methanol to acetonitrile 

(Fig. 3.4), for both [Cu(L3)]** and (Cu(L5)1”* systems while a sharp 
increage for both [Cu(L4})]** and (Cu(L6))*" syetems, suggesting the 
susceptibility of the distorted geometries of [Cu(L4})}7°" and 


[Cu(L6)]1°* to solvent coordination. 
3.3.3 Klectrochemistry 


All the pregent Cu(II) complexes exhibit a well defined 
cathodic wave (0.230 ~- 0.280 V) and a corresponding anodic wave 
(0.400 - 0.600 V). The values of the diffusion coefficients (Table 
3.2) calculated from the slope of the straight line obtained in 


க 


the plot of i,. ve \“* using Randles Sevcik’s equation” are in the 
range 1.4 = 2.4 XK 10° cm/s and are typical of Cu(lIl) complexes 
involving one slectron redox process.” 

The AE, values of [Cu(L)]*" systems are in the range 114 to 
310 mV at 50 mV/B scan rate. The limiting க்கம்‌ potential 
separations (AE,°) for all the complexes are greater than the 
Nernetian AE, value (~ 60 mV) for one electron transfer. For 
(Cu(L3)1°* and [Cu(L6)]** systems this value is 66 and 70 mV 


respectively (Table 3.2) and the peak current ratio is nearer to 


unity. These characteristics euggest that theese complexee tend to 
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exhibit Nernstian electrochemical behaviour. The {Cu(L4}1°*, 
[Cu(L5)]”* and (Cu(L7)]** systems (Fig. 3.5) exhibit relatively 
less reversible redox behaviour. The origin of thie difference in 


behaviour is not apparent. 


The redox potentials obtained from CV are consistant with 
thoee from DPV (Fig. 3.6, Table 3.2). It has been already shown 
that when nx-bonding is important the incorporation of six-membered 
rings would facilitate the stabilisation of Cu(l) by favouring 
tetrahedral distortion and raise the redox potential.”’” But this 
is not apparent in the present systems. One significant consequence 
of the very high redox potential of [Cu(L6)]”** system is the 
comparatively fast bleaching, immediately after ite generation. 
The redox potentials of (Cu(L3)]*" and (Cu(L4)1**, and of {Cu(L5)1** 
and (Cu(L6})]1”" systems, eventhough they have the same chelate ring 
structures of 555 and 565 respectively, are interestingly different 
and this is coneistent with the electronic spectral results. This 
trend reveals that the geometric distortion by and/or axial 
interaction of propionic acid moiety deetabilises Cu(II) state and 


elevates E,.»- 


Further, the E,.. values observed for tetrathiaether 
complexes are much higher than those calculated’” using Addisons 
AHL values, probably due to the higher contribution from the 
sterically induced destabilisation of Cu(lIl) state, ag explained 


above. The addition of the fifth sulfur donor and ite attendant 
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five-membered chelate ring, as in [Cu(L7}]°" is expected to raise 
the E,.~ by about 95 mV** which is higher than the experimental 
K,.~ difference betwaen [Cu(L5)1°* and [Cu(L7)]** of about 60 mV. 
The structural origin of this elevation is evident from the lower 
position of the visible band and hence the CFSE, of [Cu(L7)]1°* 
compared to [Cu{(L5)J°*. A similar enhancement of = 100 mV in E,-- 
of [Cu(L8)7°*, by the incorporation of axial sulfur donor as in 
(Cu(L9)}°* complex has been observed.” In 80 % methanol {Cu(L3) J" 
poseeBseB a redox potential (Table 3.2) higher (= 45 mV} than that 
{[Cu(LQ)]** does.’’* The greater flexibility of the open chain ligand 
L3. compared to the cyclic ligand LA, facilitates the formation of 
tetrahedral coordination geometry around Cu(l) formed on electron 


transfer. 
3.4 Conclusions 


When the terminal groups in the present open chain 
tetrathiaether ligands are changed from CH,COOH to CHCHLCOOH, there 
is a significant increase in redox potential of their Cu(II) 
complexes. An increase in the number of sulfur atome from four to 
five increasee the redox potential appreciably as expected.” 
On the other hand, no significant change in the potential is 
observed upon replacing a five-membered chelate ring by a 5ix- 
membered chelate ring. This is in contrast to the resulte observed 
for Cu(II) complexes of bia(benzimidazol-2-y1l) tetrathioether 


compounds (Chapter 5).°° 
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CHAPTER 4 


4. SYNTHESIS, CRYSTAL STRUCTURK, SPECTRA AND REDOX OF 
COPPKER(II) COMPLEXES OF LIGANDS WITH ‘TWO AND THREE 


THIOKTHER DONORS. 


4.1 Introduction 


The active site in biue copper proteins contains two 
histidine imidazoles, a methionine thioether and a cyeteine 
thiolate coordinated to Cu(lIl), with a geometry cloeer to trigonal 
{(bi)pyramidal.’~"” Even though there is A possibility that the 
apical thioether, ligand may control the Cu(II)/Cyu(I) redox 
potential, its definite role still remains ambiguous.” So there is 
a growing interest in the Cu(II) complexes of tetradentate 
bie({benz)imidazol-2-y1)-dithioether ligands;?’~*° the thiolate group 
being substituted by an extra thioether donor, they offer a CuN.& 
chromophore ag in blue proteins. A remarkable features of this clase 
of complexes is that many of them often poseess trigonal 
bipyramidal geometry. By contrast, the complexes of 4-imidazolyl 
ligande form a surprising number of ‘compressed’ octahedral 
gtructures.’’’° Thue in the N.S. complex [Cu(bbdh)C1JC1 {bbdh = 1,6- 
bis(2-benzimidazolyi}-2,5-dithiahexane}] with 555 chelate ring 
avstem (Scheme 4.1) a trigonal bipyramidal geometry is observed.” 


On adding a methylene group between the thioether eulfurs (bmdhp, 
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Scheme 4.1) [bmdhp = 1,7-bis-(N-methylbenzimidazol-2°-y1)-2,6- 
dithiaheptane] in this complex, the geometry becomes trigonally 
distorted tetragonal pyramidal” and significant changes in spectral 
and redox properties’ are observed. So it is of great interest to 
proba the congequencee of enlarging the ligand by varying the 
chelate ring sizes on structure and properties of CuM.3, complexes. 
In the present charter the coneequencee of incorporating two 
methylene groups between sulfur and benzimidazole (bzim) donors 
(bbdo, Scheme 4.1) [bbdo = 1,8-bis(benzimidazol-2-y1)-3,6- 
dithiaoctanel on structure and spectral and redox properties of 
copper(II) complexes Are diecussed. The present work also provides 
an opportunity to gain insight into the relative importance of the 
contributions from the coordination of thioethers’* *” and the 
bulky bzim,’*"*““°** both of which are known to contribute to the 


positive redox potential, by comparison with related compounds. 


Though the coordination chemistry of Cu(II) complexes of 
linear N.S. ligands have been well studied, those of pentadentate 
N.S, ligands have been less thoroughly studied. Addieon et al. 
etudied guch Cu(II) complexee containing pyridyl,’* quinolyl** and 
benzimidazolyl’* moieties. Very recently, Liu et al. and Adhikary 
et al. have deecribed the etructure And properties of Cu(II) 
complexes of trithioether ligande containing substituted pyrazolyl 
and pyridyl {Cu(pttn)”*} moieties (Fig. 1.11).*” To understand the 


effect of ligand enlargement the spectral and redox propertise of 
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the Cu(II) complex of pttu {1,1l-bis(pyrid-2-y1})-3,68,9-trithtia- 
undecane}], obtained by adding one more methylens group between 


pyridine and sulfur in pttn (Scheme 4.1), have been investigated. 


4.2 Experimental 


4.2.1 Synthesis of Ligands 
1,8-bia(benzimidazol-2-y1)-3,6-dithiaoctane (bbdo)} 


The diacid 3,68-dithliaoctane-1,-dicarboxylic acid waa 
prepared 28 கல்‌, Stirred (0.5 h) wae 1,2-ethanedithiol (4.88, 
50.1 mmol) with sodium borohydride (0.5 g, 139 mmol) in 95 & ethanol 
(75 mL) under dinitrogen. Then 87 &% potassium hydroxide (11.7 &, 
175.4 mmol) was added, followed by water (20 mL). After the 
diseolution of alkali, 2-chloropropionic acid (10.9 g#. 100 mmol) 
in water (15 mL) was added slowly with constant stirring. The 
mixture was stirred overnight at 50 °C. Then the pH of the solution 
was lowered to one using @N hydrochloric acid during which a 
voluminous masse separated. The precipitate was recryestailieed from 
aqueous ethanol. Yield, 62 Xx, m.p. 121 - 123 °C; (Found: C, 40.1; 
H, 5.87. CeH,4049z requires C, 40.3; H, 5.92 X); “H-NMR (DMS0-d,): 
6 2.13 (8, -5-CH,-CH-8-), 3.24 (t, -5-CH.-), 23.98 (t, -CH-COOH). 


The above diacid (4.8 g, 20.0 mmol} wae refluxed with 
orpheonyienediamine (4.4 g, 40.7 mmol) in 4N hydrochloric acid (100 
mL) for 48 houre and then cooled. The hydrochloride obtained was 


dissolved in water and neutralised with aqueous ammonia under cold 
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conditions. The free base thus obtained was collected, 
recryetallised from aqueous ethanol and then dried over Pa40,o- 
Yield, 60 %, m.p. 98 °C; (Found: C, 62.6; H, 5.81; N, 14.3. 

Coo Hza SN, requires C, 82.8; H, 5.80; N, 14.7 %); ‘H-NMR (DMS0-d,): 
§ 2.01 (5, -5-CH-CH.-8-}, 3.01 (m, -CH,-CH,-bzim) 7.21 - 7.168 (m, 


bzim-5,6 protons), 7.54 - 7.50 (m, bzim-4,7 protons). 
1,11-big(pyrid-2-y1)-3,6,9-trithiaundecane (pttu) 


The ligand pttu was prepared by adding 2-vinyvlpyridine (2.1 
gg, 20 mmol) slowly with stirring to bis(2-mearcaptoethyl)sulfide 
(1.5 g, 10 mmol) and the etirring continued for two hours. To ths 
resulting solution was added water with stirring and ths 
precipitate obtained was collected, recrystallised from aqusous 
ethanol and dried over P40,o. Yield, 87 %, m.p. 69 - 65 °C; (Found: 
C, 59.5; H, 8.73; N, 7.53. C,eHzAaN2S, reauires C, 59.3; H, 6.63; N, 
7.68 x); *H-NMR (DMSO-d, }: 8 2.45 (8, 2 x -5-CH,-CH,-8-), 3.40 (t, 
-5-CH.-}, 3.48 (t, -CH.-py), 7.54 - 7.69 (m, py-3,5 protons), 8.02 


({(m, py-4 protons), 8.95 (d, py-6 protons). 
4.2.2 Preparation of Complexes 


The complexes [Cu{bbdo) 1(C104 ). (I),** £Cu({bbdo) 1(NO,). (IIT), 
[Cu(pttu) (C104). (III) and [Cu(pttu})]Ci. (IV} were obtained by 
adding the corresponding Cu(II} salt in methanol to a methanolic 
solution of bbdo or pttu in 1:1 molar ratio and then cooling the 
solutions. The product formed was filtered, waehed with emall 


amounts of cold methanol and then dried over P,Q,.. Anal. Calcd. 
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for CzoHza5-NaOaCl,Cu (I): C, 397.2; H, 3.44; N, 8.69. Found: 

C; 37.5; H, 3.72; N, 8.75. Calcd. for CoH. 5.N.0,Cu (II): C, 42.1; 
H, 3.89; N, 14.7. Found: C, 41.8; H, 3.96; N, 14.4. Calcd. for 
Cie Ha D4 NO C1, Cu (III): C, 34.5; H, 3.86; N, 4.47. Found: C, 34.3; 
H, 3.91; N, 4.28. Caicd. for C,4HaaS4NzCl2Cu (IV): C, 43.3; H, 4.85; 


N, 5.61. Found: C, 43.1; H, 4.91; N, 5.421. 


Single Eumfa ie of [Cu(bbdo)](NO;j). suitable for X-ray 
structure கற்கக்‌ were obtained on slow க்க of the 
methanolic solution obtained on mixing the Cu(II} nitrate ealt and 


the ligand bbdo in 1:1 ratio. 


Bingle crystals of {[Cu(pttu)1(C10,). suitable for X-ray 
etructure analysis were obtained as follows: Cu(II) perchliorats 
salt in methanol wae added to the ligand pttu in methanol, 
acetonitrile mixture (1:1 v/v) and the eolution obtained on slow 


evaporation gave both Cu(II) and Cu(Il) crystals. 


Caution. During handling of the perchlorate salts care 
ghouid be taken because of the possibility of explosion. 
[Cu(pttu) 1(C10,4 )z caused explosion during transfer of sample in our 


laboratory. 
4.2.3 Crystallographic Data Collection and Structure Analypia 


Freliminary cell dimeneions and space group of 
{Cu(bbdo) (NO; }](NO,) were determined and refined on a Rigaku 


AFC~5 diffractometer. The intensities were collected on the same 
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diffractometer with graphite-monochromated Mo-Ka radiation. The 
data were collected at a temperature of 23 £ 1 “°C using w-2€& scan 
technique to a maximum 2° values of 42.0°. Scans of (1.30 + 0.10 
tang)’ were made at a speed of 6.0°/min (in w). The weak 
refiections {J < 0.1 c(1})] were rescanned (maximum of 3 scans) and 
the counts were accumulated to eneaure good counting statistics. 
Stationary background counts were recorded on each side of the 
reflection. Other details regarding the data collection and 
processing are collected in Table 4.1. Of the 2885 reflections, 
2771 were unique {(R,.. = 0.092). The intensities of three 
representative reflections were measured after every 100 
reflections. No decay correction was applied. Azimuthal scans of 
several reflections indicated no need for absorption correction. 


The data were corrected for Lorentz and polarisation effects. 


The structure was soived by heavy-atom Patterson methods’® 
and expanded using Fourier techniques.” Some non-hydrogen atoms 
were refined anilsotropically, while the rest were refined 
isotropically. Hydrogen atome were included but not refined. The 
final cycle of full-matrix least squares refinement” wab based 
on 1138 observed reflections [J > 2.00(1}] and 216 variable 
parameters and converged with unweighted and weighted agreement 


factors of R = 0.079 and R, = 0.051 respectively. 


All calculations were carried out with TEXSAN” 


crystallographic software package of Holecular Structure 


Table 4.1 Crystallographic and data collection parameters for 


[Cu( bbdo } (NO; ) INO, 


Empirical Formula 
Formula Weight 
Crystal Syetem 
Lattice Type 


Lattice Parameters 


Volume 

Space Group 

Z valus 

Crystal Dimensions 
Density (calc) 
Diffractometer used 


Radiation 


Temperature 
F(000) 
Bcan Type 


Scan Rate 


\ 
No. of Reflections Measured 


Residuals: R; R. 


Cao N. Hea Cu, 0, 
570.1 
Monoclinic 
Primitive 
15.990(7) 
13.706(4) 


10.972(4) 
93.90(3)° 


பத ப 


[த வ) 


2399(2) A 

P2,/a (#14) 

4 

0.40 x 0.20 x 0.05 mm 
1.578 g/cm 

Rigaku AFC-5 


Mok, (A = 0.71069 A) 
#raphits monochromated 


296 K 

1172.00 

ம-26- 

6.0°/min(in oo) - up to 4 scans 


Total: 2885 
Unigue: 2711 (R,,, = 0.092) 


0.079; 0.051 


Corporation. Final atomic coordinates are callected in Tables 4.2, 
bond lengths and angles in Table 4.3 and 4.4 regpectively and mean 


plans data in Table 4.5. 


4.3 Results and Discussion 
4.3.1 Description of the Structure of (Cu(bbdo)(NO,)J](NO,) and 

Comparison with Related Structures 

In Figure 4.1! is depicted the projection as well Aas the 
atomic numbering gcheme of the complex cation. The compound 
crystallizes in the monoclinic space group I2,/a with four 
molecules in the unit cell. The coordination geometry around 
copper(II} ip best described ae severely distorted and elongated 
octahedral, with both the bzim nitrogene {Cu-N(11), 1.93(1); 
Cu-N(21}), 1.99(1) Al, one of the oxygen atoms of the nitrate ion 
{Cu-O0(11); 2.06(1) A] and one of the thioether sulfurs (Cu-5(2), 
2.443(6) AJ termine the distorted equatorial plane. The other 
sulfur donor {[Cu-5(1), 2.533(6}) A} and the வ்‌ oxygen atom from 
the coordinated nitrate anion occupy the axial positions, with ths 
latter at a longer distance of 2.727(6}) A. The bulky bzim groups 
on the ligand apparently prevent the other nitrate ion from 


coordinating. 


The copper, (2) and the two bzim nitrogens N(11) and N(21) 
are coplanar within t 0.03 A while O(i11l) of the nitrate ion is 


displaced from this equatorial plane by 1.04 A away from S(1). The 
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Table 4.2 Atomic coordinates (x10°) involving non-hydrogen atoms 
and equivalent isotropic displacement coefficients 


atom X y 2 Ba 

Cu 0.0747(2) 0.1820(2) 0.1162(2) 3.17(6) 
8(1) 0.1954(3) 0.0773(4) 0.2018(5) 4.1(2) 
8(2) 0.1485(4) 0.3267(5) 0.1967(5) 4.5(2) 
(11) -0.0270(9} 0.124(1) 0.016(1) 5.5(5)} 
0(12) -0.079(1) 0.265(1) 0.068(2) 6.7(6) 
O(13) -0.1549(9) 0.158(1) -0.031(2) 7.7(6) 
(21) 0.8274(9) 0.414(1) 0.694(1) 5.6(5) 
(22) 0.835(1) 0.282(1) 0.594(2) 7.3(6) 
(23) 0.8905(10) 0.411(1) 0.532(1) 7.0(6) 
N(1) -0.090(1) 0.186(2) 0.015(2) 4. 7(6) 
N(2) 0.850(1} 0.370(2) 0.606(2) 5.1(7) 
N(11) 0.1271(9) 0.2057(10) -0.034(1) 2.7(4) 
N(12) 0.2156(9) 0.202(1) ~0.184(1) 3.2(5) 
N(z1) 0.0179(9) 0.161(1) 0.270(1) 2.9(4) 
N(22) ~0.0575(10) 0.191(1) 0.424(1) 4.2(5) 
(1) 0.220(1) 0.062(1) -0.047(2) 4_3(5) 
C(2) 0.263(1) 0.057(1) 0.080(2) 3.7(5) 
C(3) 0.249(1) 09.172(2) 0.290(2) 5.7(6) 
C(4) 0.250(1) 0.274(2) 0.227(2)} 6.2(6) 
C(5) 0.113(1) 0.948(1) 0.347(2) 4.0(5) 


C(6) 

C(11) 
C(12) 
C(13) 
C(14) 
C(15) 
C(16) 
C(17) 
C(21) 
C(22) 
(23) 
C(24) 
C(25) 
C(26) 
C(2T) 


.020(1) 
-188(1) 
-114(1) 
-169(1) 
-166(1) 
.105(1) 
049(1) 
.052(1) 
.007({1) 
-019(1) 
.070(1) 
-115(1) 
.205(1) 
-055(1) 
.012(1) 
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.332(2) 
-160(1) 
.2B7(1) 
.284(1) 
.353(1) 
-420(2) 
-424(1) 
.358B(1) 
-226(1) 
-075(1) 
.096(1) 
-021(1) 
.071(2) 
.091(1) 
.022(1) 


.347(2) 
.0OB4(2) 
-112(2) 
-206(2) 
.302(2) 
-299(2) 
.210(2) 
-111(2) 
-343(2) 
.304(1) 
.400(2) 
-494(2) 
.408(2) 
-319(2) 


.262(2) 


Table 


parentheses) 
Atoms Distances 
Cu - 5(1) 2.533(6) 
Cu - 0(i1) 2.06(1} 
Cu ~ N(i1) 1.93(1) 
5(1}) - C(2) 1.79(2) 
&{2}) - C(4) 1.79(2) 
Oo(11) - N(1) 1.31(2) 
0(13) - N(1) 1.19(2) 
N(11) - C(12) 1.41(2) 
0(22) - N(2) 1.24(2) 
N(12} - (11) 1.94(2Z) 
N(z1) - C(21) 1.28(2) 
N(22) - C(21) 1.33(2) 
C(1) - C(2) 1.51(2) 
C(3) - C(4) 1.55(3) 
C(6) - C(21) 1.51(3) 
C(12) - C(17) 1.40(2) 
C(14) - C(15) 1.34(2) 
C¢(18}) - C(17) 1.40(2) 
C(22) - C(27) 1.41(2) 
C(24) - C(25) 1.38(2) 
C(26) - C(27) 1.35(2) 
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4.3 Interatomir distances (A) involving non-hydrogen atoms 


of [Cu(bbdo) (NO; )}N0, (E.5.D.8 ars given in 


Atoms 
(ப - 5(2) 
Cu - 0(12) 
Cu - N(21) 
§(1) ~ C(3} 
8(2) - C(5) 
O(lz) - N(1) 
N(11) - C(11) 
(21) - N(Z) 
0(23) - N(2) 
N(12} - C(13) 
N(2t}) ~ C(22) 
N(22) - C(23) 
C(1) - C(11) 
C(5}) - C(6) 
C(12}) ~ C(13) 
C(13) ~ C(14) 
C(15) - C(16) 


C(22) - C(23) 


C(2d) - 


C(25} - 


C(24) 


C(26) 


Diptances 


.443(6) 
.727(8) 
.99(1) 


= = NவoN௬N 


.80(2) 
1.80(2) 
1.24(2) 
1.30(2) 
1.21(2) 
1.21(2) 
1.97(2) 
1.39(2} 
1.35(2) 
1.49(2) 
1.51(2) 
1.40(2) 
1.42(2) 
1.37(2) 
1.40(2) 
1.40(2) 
1.33(2) 
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Table 4.4 Bond angles (deg) involving the non-hydrogen atoms of 
[Cu(bbdo) (NO, ) NO, (E.5.D.s are given in parenthesee) 


Atoms Angles Atoms Angles 
8(1)-Cu-8(2) 8B5.4(2) 8(1)-Cu-0(11) 122.4(5) 
8(1)-Cu-N(11) 92.8(5) 8(1)-Cu-N(21) 89.2(4) 
8(2)-Cu-0(11) 148.1(5) 8(2)-Cu-N(11) 86.0(4) 
8(1)-Cu-0(12) 164.1(6) 8(2}-Cu-N(21) 92.7(5) 
O(11)-Cu-N(11) 86.5(6) 0(11)-Cu-N(21) 90.5(8) 
N{11)-Cu-N(21) 176.0(7) Cu~5(1)-C(2) 107.0(7) 
Cu-5(1)-C(3) 96.4(7) Cu-5(2)-C(4) 98.4(8B) 
Cu-8(2)-C(5) 106.8(7) Cu-0(11)-N(1) 109(1) 
Cu-N(11)-C(11) 131(1) Cu-N(11)-C(12) 126(1) 
Cu-N(21)~-C(21) 127(1) Cu-N(21)-C(22)} 125(1) 
C({(2)-8(1)-C(3} 103.2(9) C(4)-5(2)-C(5) 103.8(9) 
0(11)-N(1)-0(12) 115(2) 0(11)-N(1)-0(13) 116(2) 
0(12)-N(1})-0(13) 124(2) 0(21)-N(2)-0(22)} 120(2) 
0(21)-N(2)~0(23) 120(2) 0O(22)-N(2)-0(23) 119(2) 
C{11})-N(12)-C(13) 1068(1) C(21)-N(22)-C{(23) 108(1) 
N(12)-C(11)-C(1) 118(1) €(11)-N(11)-C(12) 10£(1) 
C(21)-N(21)-C(22)} 1065(1) C(2})~C(1)-0(11) 114(1) 
S(1)-C(2})-C{1) 114(1) B(1)-C(3)-C(4)} 115(1) 
8(2)-C(4)-C(3) 113(1) 8(2)-C(5)-C(6) 110(1) 
C(5})-C(6})-C(21) 114(1) N(11)-C(11)-N{(12) 1:6(1) 
N(11)-C(11)-C(1) 124(1) N(11)-C(12}-C(13} 110(1) 
N(A1)-C(12)-C(17) 128(1) N(21)-C(21)-N(22) 113(1) 
C(19})-C(12)-C(17) 120(1) N(12)-C(13)-C(12) 104(1) 
N(12)-C(13)-C(14) 132(1) C{(12})-C(13)-C(14) 123(1) 
C(13)-C(14)-C(15) 114(1) C(14)-C(15)-C(16) 124(2) 
C(15)-C(18})-C(17) 122(2) C{12)-C(17)-C(16) 114(1) 
N(21)-C(21)-C(8) 1286(1) N(22)-C(21)-C(6) 120(1) 
N(2Z1)-C(22)-C(29} 108(1) N(21)-C(22)-C(27) 131(1) 
C(23)-C(22)-C(27) 119(1) N(22)-C(23)-C(22) 104(1) 
N(Z22)-C(23)-C(24)} 134(2) C(22)-C(23)-C(24) 120(1) 
C(23)-C(24)-C(2b) 116(1) C(24)-C(25)-C(26) 122(2) 


C(25)-C(26)-C{(27) 122(2) C(22)-C(27)-C(26) 117(1) 
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Table 4.5 Lpast-Squares planes data for [Cu(bbdo) (NO) }NOy 


Plane Numbsr 1 


Atoms defining plane Distance eed 
N(i1) -0.0103 0.0134 
N(12) -0.0145 0.0139 
C(11) ~0.0517 0.0183 
C{(12} 0.0607 0.0173 
C(13) 0.0452 0.0169 
C(14) 0.0173 . 0.0185 
Q(15} ~0.0308 0.0198 
C(16) ~0 , 0499 0.0194 
C{17} 0.0176 0.0178 

Cu 0.1325 


Mean deviation from plane is 0.0331 A 


Chi-square: 43.3 


Plane Number 2 


Atoms defining plane Distance esd 
N(21) -0.0174 0.0137 
N(22) 0.0380 0.0142 
C(21) 0.0146 0.0186 
C(22) 0.0208 0.0165 
C(23) -0.0323 0.0192 
C(24) -0.0335 0.0189 
C(<5) -0,0045 0.0194 
C(26) 0.0431 0.0189 
(27) 0.0131 0.0183 

Cu -0. 4083 


Mean deviation from plane is 0.0241 A 

Chi-square; 23.4 

Dihedrai angles between least-squares planes 
plane pians angle 


2 1 44.61 ‘ 


Fig. 4.1 Atomic iabelling scheme" of the cation [Cu(bbdo)(NO,)7. 
For clarity the hydrogen atoms and the NO, anion 
are omitted 

* SCHAKAL, A Fortran program for plotting crystal 

structures, Germany, 1992, 
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leaegt squarep plane containing the NO, Aon makes a dihedral angle 
of 76.1° with the N(11)N(21)8(2)Cu leaet squares plane and is 
displaced towards bzim with N(11) nitrogen because of steric 
hindrance from the other bulky bzim. Thue though N(21)-Cu-0(11) 
{90.5(6)°] and N(11}-Cu-0(11) (88.8(6}°] bond angles are almost 90° 
ideal, the 0(12) atom ie off-the-axie and the 5(1)-Cu-0(12) bond 
angie [184.1(6)°] is less than 180° ideal. The 8(1)-Cu-0(11} bond 
angle of 122.4(5)° and the 5(2)-Cu-O0(11) bond angle of 148.1(5)° 
deviate very much from 90° and 180° ideal respectively. So it 
appears that பக்த the two bulky bzim groups assisted by the 
flexibility of Cu-S bonds, which lead to the folding of the NS. 
iigand. 


On the other hand, while 5{2) ie coordinated at a short 
distance, S(1) at a rather long distance as a consequence of Jahn- 
Teller distortion; thie reveals that the very symmetric ligand ie 
coordinated in an asgymmetric fashion. The Cu-§ distances are 
similar to thoee in ([Cu{bbdh)C1l]* ® but longer than those in 
{[Cu(bmdhp)(H,0)]°*,” suggesting that the addition of a methylene 
group between the thiovethere ap in the latter, rather than that 
between thioether and bzim groups as in the pregent complex, leadp 
to stronger coordination of thioethers. The Cu-N,... bond distances 
are in good agreement with those in similar compounds.’’” Further, 
the N(11)-Cu-N(21} bond angle of 178.0(7)° and the S(1)-Cu-5(2) 


angle of 89.4(2)° are cloee to the “ideal’ angles of 180° and 90° 
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respectively. On ths other hand, the corresponding N-Cu-N bond 
anglee in f£Cu(bbdh)C1]* [165.9(2)°]° and [Cu(bbtb) (HO) fbbtb = 
1,2-bis(benzimidazol-2’-ylmnethyithio})benzene, Fig. 1.12a) 
{175.2(3)°}3 are much less than 180° ideal. It appears that the 
incorporation of two methylene groups between -~S9- and bzim ring ae 
in the present compound reileves the strain in the molecule and 
thus the dihedral angle between the bzim ringe in the present 
complex ie only 44.6° while it is higher (76.5(2)°] in 

[Cu({bbtb) (Hz0)3.** 


The equatorial Cu-0(NO} bond length is remarkably shorter 
than that in square planar [Cu(lb)(NO,).4] {IL = 1,3-bis(5-methy}- 
imidazol- 4-y1)-2-thiapropane]’” ae well as in {Cu(bidhx) (NCS) (NO, }] 
[bidhx = 1,6-bis(5-methylimidazol-4-y}})-2,5-dithiahexano}.”” The 
O(1i2) of the coordinated nitrate group is potentially at a bonding 
distance of 2.727(6) A. In {Cu(bipy).(ON0.)]’ a Cu-0(NO.} bond 
length ap long as 2.818 A is considered to be bonding.” The 
difference between the two Cu-0 bonds ip 0.667 A which 1s only very 
glightly less than the difference, 0.7 A previously euggested™™’* 
for an uneymmetrically coordinated bidentate nitrate group. So the 
nitrate group in the preeent atructure is considered 
uneymmetrically coordinated and the mean Cu-0 distance is 2.394 A, 
a distance which ie lesa than the Cu-S bond distances. The long 


Cu-O(NO.) bond'distance is aleo partly a consequence of Jahn-Teller 


digtortion. The coordinated nitrate has an internal O-N-0 bond 
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angle of 118° which is almost the same as that (120°} for the 
uncoordinated nitrate. This illustrates that the coordinated 
nitrate does not undergo any distortion due to bulky bzim groups. 
Thus it appears that the ligand folding is brought about by the 
bzim rather than nitrate coordination. The bzim rings are plianar, 
with negligible deviation (0.033 and 0.024 A) from the least 


squares plane. 


The coordination geometry of the present complex ib 
different from the trigonal bipyramidal geometry generally expected 


for the analogous CuN,8. compiexes like [Cu(bbdh)C1IC1L,* 
[Cu{bbtb)(H40)](C10,)a (Fig. 1.12a),” {Cu(bidhx)C11C1.2HLO0 (Fig. 


1.12b})** and [Cu(bmdhp) (HO) (C104 ).a;" the last one posseeses a 


trigonally distorted rectangular pyramidal geometry. 


The coordination geometry around Cu(II) in the present 
complex may be alternatively described as distorted trigonal 
bipyramidal, if the nitrate ion is congidered to be monodentate 
i.e. Cu-0(12) interaction is non-bonding or at least very weak 
(Wig. 4.la). Such a coordination geometry is expected of CuN.& 
complexes and is very similar to that of [Cu(bbah)C1] in which 
8(1)-Cu-8(2) and N(21)-Cu-N(11) bond angles are very close to 
90° and 180° ideal respectively; S(1)-Cu-0(11) and 8(2)-Cu-0(11) 
bond angles are also close to 120°. For such geometries Addison et 
al. have proposed the structural index T which hae been defined ag 


T = (8-a)/60, with a and § being the two largest coordination 


Fig. 


4g.1i1a ORTEP projection and atomic labelling of the cation 
{Cu(bbdo)(NO0,)1" showing nitrate anion ae monodentate. 
For ciarity the hydrogen atoms and the NO, anion are 
omitted 
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angles.’ This geometric parameter is applicable to five-coordinats 
structures ag an index of the degree of trigonality, within the 
structural continuum between trigonal bipyramidal and rectangular 
pyramidal. For a perfect square-pyramidal geometry, T is equal to 
zero, while it is unity in a perfect trigonal-bipyramidal geometry. 
The trigonhaility index T for the present structure is 0.50 while it 
is 0.38 for [Cu(bbdh)C1J’.* The increase in trigonality i5 
obviously because of the incorporation of two methylene groups 
between thioether and bzim moieties; thie is algo evident from the 
N(11)-Cu-N(21) bond angie of almost 180° ideal and the decreased 
dihedral angle between the two bzim groups (44.68°}) compared to 


[Cu(bbtb)(H;0)1** (76.1°).” 


Further, the replacement of five-membered chelate ring(s) 
in [Cu(bbdh)Ci)* by six-membered one(s) and the fusion of a benzene 
ring between the thioether donors, as in [Cu(bbtb)(HO)T°* (T = 
0.64)” lead to enhanced distortion towards trigonality. 
Intereetingly, the addition of a CH. group in between sulfur and 
bzim lead to almoet the same constraint at copper as that in 
between two sulfur atoms Ae in {Cu(bmdhp)(H-0})]** (T = 0.48). But 
the thioethers in the present compounds are க்கக்‌ in the trigonal 
plane while only one of the thioethers in the trigonal plane in 
the latter. However, it is cautioned that the possible differences 
in ligating properties may be overruled by the influence of 


coordinating solvent or anion; however, in the present complex the 
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nitrate ion does not appear to influence. The steric hindrance from 
bzim N(il) appears to move down 0(21) from the plane containing 


8(2)5(1)Cu0(11). 


The S(1)-Cu-5(2) bond angle of 89.4(2)° which ie less than 
120° ideal, is due to the constraints from ethylene bridge between 
the sulfur atoms and ie similar to that in {[Cu(bbdh)C1]* 
({90.39(6)°]° and {(Cu(bmdhp)(H0)]°"* [88.69(5)°1,° eungesting that 
the bond angle ie not affected very much by the number of methylene 
groupe linking the thioether sulfurs illustrating the fiexibility 


of the bigger thioether atom. 


A comparison of the present structure with that of its 
diaza analogue’ [Cu(bbda)]”" (bhbda = N,N’-vie(benzimidazol-2- 
yiethyl)ethane-1,2-diamine] which poseeeses a equare planar (uN 
chromophore suggests that the presence of flexible Cu-S8 bond{e) is 
essential for ligand folding and formation of trigonal bipyramidal 
geometry. This is in conformity with the earlier observation that 
t-bonding atoms confer on Cu(Il) with the ability to distort its 
coordination SrheRe from planarity even in the absence of steric 
forces.” On the other hand, the pyridine சர்க்கம்‌? of the வ்க்ககர்ட்‌ 
complex, viz. [Cu(pdto) (C104 )]°, (Fig. 1.10a) poseeeses a square 
pyramidal structure (T = 0.12). 80 it is evident that in addition 
to coordinated thioethersg, sterically hindered bzim groups may algo 


lead to the adoption of trigonal bipyramidal geometry. 
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If one assumes that NO, i8 coordinated in a bidentate 
fashion, then the present geometry can be regarded either as 
distorted monocapped trigonal bipyramidal or as heavily distorted 


octahedral. 
4.3.2 Infrared Spectra 


The infrared spectrum of [Cu(bbdo)(NO.,)1(NO;) shows two 
medium intenpsity bands around 14680 and 1280 cm * and a strong band 


around 1390 om 


» which are expected of the coordinated nitrate 
anion;’’ however, it is difficult to diagnose whether the NO, anion 
is monodentate or bidentate. For ([Cu(bbdo)J(C10,). the infrared 
spectrum show8 a eplit band around 1100 cm‘, typical of C104 
anion, coordinated to copper and/or hydrogen-bonded possibly to 


bzim hydrogens." 
4.3.3 Electronic Spectra 


The {(Cu(bbdo})]°* complexes show a broad band centered around 
16.0 kK with a more intense band on its low energy Gide, compatible 
with a trigonal bipyramidal geometry;’” however, on dissolution 
in methanol or acetonitrile two well serarated (> 3 kK) (Table 4.6} 
bande of almost. equal intensity (Fig. 4.2) were observed eugkesting 
a change in geometry from trigonal bipyramidal to a square-derived 
one by additional eolvation of copper with a d,._,: rather than d,. 
ground etate.””'"“ in the solid estate [Cu(pttu)]**, Xike its 


homologue [Cu(pttn)}”* exhibite two bands,’*’”* euggesting a 
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Table 4.6 Electronic spectral data for Cu(II) complexes 


Compiler 


Medium LE“ CT 
{Cu{ bbdo) 1(C104 ) Solid 16.0 (w) 
11.1 (8) 
MeOH 16.6 (216) 29.1 (2843) 
11.2 (258) 
MeCN 16.9 (220) 28.7 (2810) 
11.6 (210) 
HO 16.7 (170) 29.3 (3760) 
11.4 (190) 24,7 (1420) 
[Cu{ bbdo ) (NO, ) }NO. Solid 15.7 (w) 
11.5 (௧s) 
MeOH 16.5 (221) 29.0 (2305) 
11.3 (216) 
HeCN 16.3 (157) 29.3 (3018) 
11.2 (112) 
(Cu(pttu) J(C1Q. }z Solid 16.7 (௧) 
11.1 (w) 
H.O 16.7 (300) 26.4 (1910) 
\ MeOH 16.5 (430) 26.3 (2540) 
MeCN 16.3 (490) 26.1 (3280) 
11.1 (100) 
[Cutpttu) C1. Solid 11.2 
MeOH 14.8 (256) 27.4 (2160) 


- 


“a Valuee reported in kK and €& in M* cm 


1 


within 


parentheses; concentration of the complex in soiution = 


0.002 M 
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trigonal bipyramidal geometry as found for the latter (Fig. 1.11b). 
In solution also the observed spectral features are similar to 
{Cu(pttn)]”* and are consistent with a square-~based geometry. In 
contrast, the chloride complex shows a very broad ligand field 
feature centered around 11.2 kK, which is different entirely from 


that for the perchlorate. 


An intense S(o} ---> Cu(II) CT band around 29.0 kK was 
observed for both {Cu(bbdo)]** and {Cu(pttu}]** complexes. There 
is no appreciable change in position of LF and CT bands of 
[Cu(bbdo})]**, when the anion is changed from perchlorate to 


nitrate, irrespective of the solvent used. 
4.3.4 KPR Spectra 


The rolycrystalline EPR spectra of both nitrate (Fig. 4.3) 
and perchlorate complexes of bbdo are rhombic with three g& 
values [lowest g X 2.039; R= (@2-8,)/(gi-ga) = 2.1‘and 1.5 
respectively] (Table 4.7). The low values for g, and R > 1 obey 
Hathaway’s criterion” for distorted trigonal bipyramidal geomstry 
and so the geometry of the nitrate discussed above’°’‘®* should be 
deecribed ag a distorted trigonal bipyramidal க at least ap 
monocapped trigonal bipyramidal rather than a8 a square-based one; 
however, the polycryetalline EPR spectra of the analogous 
[Cu(bbdh)C1]", (Cu(bmdhp)HLO7°" and {Cu(bbtb)H,07°", ail with 


trigonal bipyramidal or trigonally distorted tetragonal pyramidal 
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Table 4.7 KPR spectral data for Cu(Il) complexes 


Complex Medium : A £L 
[Cu{bbdo) 1(C104 }ஃ Solid 2.207 
2.124 S - 
2.009 - 
MeOH 2.227 146 2.071 
[Cu(bbdo) (NO, ) INO, Solid 2.165 
2.134 - - 
2.029 
MeOH 2.241 157 = 
2.026 
DMF 2.210 145 
2.215 131 - 
(Cu(pttu) ](Ci0. Jz Solid 2.174 - 2.031 
MeOH 2.427 = - 
[Cu(pttu) JCl, solid 2.1951 
2.0911 = - 
2.0331 


“ Ain units of 10“ cm 
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geometry a5 expected above ars not rhombic. 


The கக்க DMF solution spectrum of the nitrate (Fig. 4.4) 
ghowe cleariy resolved peaks in the By, தல்‌ தக்‌ with 
the presence of three epecies, As the solution is diluted, the 
signals corresponding to cupric nitrate grew relative to those of 
other especies. On the addition of excess NaNO,, the signals 
corresponding to the less abundant species with high g&,, value 
decreased in intensity and a well-defined axial spectrum with a 
weak rhombic component for the other species, poseibly 
[Cu(bbdo)(NO4)3}", tend to appear; however, the signals for cupric 
nitrate remained {Fig. 4.4). A similar dissociative equilibrium 
involving ligand and solvent was observed also in frozen methanol 
golution of the nitrate and similar difficulty in illustrating the 
gpectra hae been observed previously for other [CuN5. J" 
complexes.*"’” The g,, values for the different species in solution 
are in the same range as that observed for Cu(Il) thioether 


இல்‌ 


complexes. 27 The less abundant species, af it has a high g,, 
value, are likely to arise from a sqauare-baged geometry, with at 
least one of the weakly coordinated thioethers replaced by solvent. 
The spectrum of the perchlorate complex in frozen methanol soiution 
is axial with g and A values close to those observed for the more 


abundant especies of the nitrate (Table 4.7); however, no 


dissociative equilibrium could be discerned. 


The polycrystalline EPR spectrum of (Cu(pttu)1(C104). is 


*ONPN 9960X8 Jo souegard 91 
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axial (Fig. 4.5) suxugesting that the ground state is predominantly 
diacya i "®* however, the chloride complex (Fig. 4.6), exhibits a 
rhombic spectrum with three g values and grin © 2.03 and R = 0.6, 
suggesting a trigonal bipyramidal geometry with a half-filled d,. 
orbital. The g8,, values are in the same range ae that observed for 
other Cu(IlI})-thioether complexes.”’‘***°” In aqueous solution 

(Fig. 4.7} the perchlorate complex showe g,, and A,, values (2.172 
and 170.4 x 10” cm’ respectively) similar to other Cu(l1l) 
complexee of di- and tetrathioether ligands.” The frozen methanol 
solution, interestingly, shows clearly resolved peaks (Fig. 4.7a) 
but with g values same as those observed for free copper. Such 
dissociation in solution is common for Cu(II) complexes of 


thioether ligande and macrocyclic tetrathioether complexes.” 
4.9.5 HKlectrochemistry 


The Cu(lII)/Cu(lI) redox couple of {Cu(bbdo})]*" ie 
quasireversibie in both methanol (Fig. 4.8) and acetonitrile 
solutions as evident from values of AE, (Table 4.8) and i,./i,-: 
the latter being nearly equal to unity up to 0.2 V/B pcan rate. The 
valuee of diffusion coefficient calculated (= 2.5 x 10° cm/s) 
from the slope of the linear plot of i,. vs ¥"“” using Randles 


> 


Sevcike’ equation,” are within the range (Table 4.8) observed for 


௧,௦ 


pimilar CuN,S, compiexes undergoing Cu(lIf)/Cu(lI) redox. 


The Cu(I) product formed on electrochemical reduction of 


‘ t 
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[Cu(bbdo)]** may possess a tetrahedral CuN.S. core as in the X-ray 
crystal structure of its py analogue’” [Cu(pdto)} or contain copper 
linearly coordinatsd by the two bzim nitrogen atoms with the sulfur 
atoms having moved out of range for etrong bonding as found for its 
homologue* [Cu(bbdhp})]" {bbdhp = 1,7-bis(benzimidazolyl)-2,6-d1i- 
thiaheptane]. So the significant differences expected in the 
structures of Cu(II} and Cu(I) forms of the prespnt complexes would 
mean greater structural rearrangement occurring during electron 


+ 


tranefer,”’* following dissociation of coordinated anion. Thie is 
reflected in the higher AE, and AE,’ valuee (= 40 mV for 
revergibie eiectron transfer); however, it is difficult to exclude 
the contribution of other factore like solvent coordination etc. 
in determining the peak potential separation. Thus the cyclic 
voltammogram of [Cu(bbdo)]** obtained on glassy carbon electrode 
in aqueous solution suggests, however, that the redox is 
irreversible with i,.4/ip: = 2.9; this is poseibly due to stronger 
coordination of water and adsorption of Cu(I) species on the 
electrode.” The adsorption 8 evident from the decrease in 
Aiz./i,c when the scan rate is increased.”” We have observed in 
aqueous solution similar adsorption of copper(I) species of 
[Cu(pdto)]°* containing aromatic ligand moieties, on Hlassy carbon 


electrode .*“ 


Even though the colour and spectral patterns for the 


perchlorate and nitrate complexes are the game, the redox potential 
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of the nitrate is lower and AE, higher than the perchlorate 
suggeeting that nitrate anions interact with copper even in 
solution. Further, Cu-0{(NO,) bond breaking may be involved during 
electron tranefer, ae a greater estructural rearrangement during 
redox reaction will always lead to higher AE, value. In fact, when 
NaNO, is used ag the supporting electrolyte, a significant lowering 
of E;.z is observed for the nitrate (Table 4.8); this is consistent 
with the results from EPR studies. Among the bis(benzimidazoiyl)- 
dithioether complexes the B,,. value varies as (Cu(bbdh) J“ °* < 
(Cu(bmdhp} ]** ‘° < {Cu(bbdo)]’* in methanol, suggeeting that gix- 
nembered chelate rings in the pregence of x-donors stabilise Cu(I) 


state as sxpected.’‘-*~:2* 


Both the present nitrate and perchlorate complexes exhibit 
§,.,= and AE, values, higher and lower respectively than its 
pyridine analogue {(Cu(pdto)]”"; this may bs due to the bulky bzim 
group which conferp a geometry much more distorted than the 
saquare-based one for the latter. In fact, the K,,4 values 
calculated for the present complexes using Addison’s AE 
parameters” are lower than the adjusted valuee [KR,4; = Eeseun — 
0.215 V (in methanol)}.”* This implies that the contribution by 
the bulky bzim to E,.. 1&8 much higher than that by pyridine and 
imidazole and in fact, a better agreement with the observed valves 
wae seen when a AE..i,« value of +165 mV was used” for calculating 


the E,.. of [Cu(bbdh}1**. The value of E,,. calculated for the 
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present complex, however, is still lower (60 mV) than the observed 
one, illustrating that the present Cu(II) structure in solution is 
not completely square-hbaged, a geometry required for the additivity 
of E,,z to be valid and may possess’ some trigonal bipyramidal 
etructural component. In this regard it is to be noted that the K,.z 
may be influenced by the stability of not only Cu(II) but Cu(I) 


structure also. 


The Cu{1I})/Cu(l) couple of (Cu(pttu)}* exhibits nearly 
reversible redox behaviour both in aqueous and methanol (Fig. 4.9) 
solutions, as understood from the AE,” and i,./i.- values. The 
AE, values of Cu(II) complexes of pdto, pttn and pttu in aqueous 
solution are 74, 64 and 67 mV reepectively. This is very 
interesting becauege [Cu(pdto)]’* on reduction apparently does not 
undergo any bond-breaking as understood from their Cu(II) and Cu(I) 
structures; [Cu(pttu)]’ also poseesses a tetrahedral structure 
but with a Cu-N,, bond dissociated as ied in its preliminary 
crystal structure (Fig. 4.10). Thus the reversibility of a 
Cu(11)/Cu(lI) couple depends not only on bond-breaking of chelating 


ligands but algo of coordinated anions. 


On the incorporation of a third sulfur donor in the NS. 
chelate [Cu(pdto)]”* to obtain Cu(pttu)®’ a raise in the K,,.« by 95 
mV is expected.”* In fact, in aqueous solution the observed 
difference in B,.. between {Cu(pdto)]”* and [Cu(pttu)J*" ie 108 mV 


which is in fair agreement with this value. On the other hand, the 
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Fig. 4-10 Preliminary ORTEP projection of [Cu(pttu)] cation 
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experimental difference between [Cu(pdto)]”" and [Cu(pttn)1°* 
(Scheme 4.2, Chapter 6) in aqueous solution is ~25 mV, euggeeting 
that not only the addition of sulfur but also the attendant five- 
membered chelate rings dictate the change in the E,,. value. The 
preeent complex [Cu(pttu)}* exhibits an E,.. value higher than ite 
homologue [Cu(pttn)1°**, suggesting that six-membered chelate rings 
increase the §,,. of Cu(II)/Cu(l) coupls, as observed previously.” 
Thus the complex [Cu(pttu)]”" exhibits a redox potential higher 
than £Cu(pdto)]*" and [Cu(pttn)]”* (Scheme 4.2)*“ Euggesting that 
the increase in number of coordinated sulfur atoms from two to 
three increases while five-membered chelate rings decrease the 


redox potential of Cu(IlI})/Cu(lI) redox couple. 
4.4 Conclusions 


The presént complex exhibits a distorted monocapped trigonal 
bipyramidal geometry. The geometry can also be best depcribed as 
a severely distorted octahedral, in spite of the presence of two 
ethylene bridges in between the thioether and bzim donors. This ib 
interesting because the bis(pyridyl)-dithioether and 
bis(bensimidazolyl)-diamine analogues, which contain such bridges 
between -S8- and py and -NH- and bzim respectively, possess only 
square-based geometries. This is obviously because of geometric 
distortion induced by steric effects of the buiky bzim groups, 
facilitated by coordinated thioethere. Such differencee in 


etructures are reflected in their spectral and electrochemical 
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behaviour. Thus the pregent structure givee a further demonetration 


of the flexibility (plasticity) of copper(II} ion.” 
t 


Further, the present study leade to the conclusion that 
Cu(II) complexes of all tetradentate bis(benzimidazol-2-y1)} 
dithioether ligands, irrespeotive of the length of Eh ligand 
backbone, consistently pogsess a trigonal bipyramidal-based 
coordination geometry in the solid etate.”‘” Similar to other 
membere of its claps, the present complex is senpitive to 
interactions with soiventep and anions, tend to adopt a equare-based 
geometry in solution and display an enhanced redox potential 
expected of 1igand enlargement. A water molecule or a halogenide 


or & relatively strongly coordinating anion like nitrate Aion can 


be bound to copper(II) as the fifth ligand. 
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CHAPTER > 


5. INFLUENCE OF CHELATE RING SIZK AND NUMBER OF SULFUR DONOR 
ATOMS ON SPECTRA AND REDOX BEHAVIOUR OF COPPER(ILI) 
BIS(BKNZIMIDAZOLYL)TETRA- AND PENTATHIOETHER COMPLEXES 


5.1 Introduction 


The crystal structures of the electron-tranefer blue 
proteine plastocyanin’ and azurin” reveal that copper in the active 
sitee is coordinated to two histidine nitrogen atoms, & methionine 
thioether and A cysteine thiolate. As the novel syectroscopic and 


“ of these proteins are often apeociated with 


redox properties’ 
their unusual active geometry and copper-eulfur coordination, 
there has been continuing interest in copper(II) complexes of 
ligands containing biologically relevant thioether and (benz)- 
imidazole nitrogen donors. A family of copper(II) complexes of 
bis(benzimidazoly1)-di~-"™” and -trithia” ligands have been 
investigated. Among complexes with CuN,S. chromophores, those 
involving the 555 chelate ring byetem poseese trigonal-bipyramidal 


> 


geometry®’” while with the 565 chelate ring system a geometry 

intermediate between trigonal-bipyramidal and equare-pyramidal is 
found. Recently the gpectral and electrochemical behaviour of these 
complexes have been studied’ in detail. It ie now well known that 


thioether donors destabilise’ the copper(II) state, elevating, 
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while the incorporation of five-membered chelate rings depresses,” 
the Cu(II)/Cu{(l} redox potentials. Studies on copper(1l/l) 
complexes of bis(imidazolyl)dithia’*’** and bis(benzimidazolyl)- 
diaza’” iigands illustrate the effect of bulky benzimidazole 


moietiss on structures and spectra. 


These obeervations prompted ue to investigate ayetematically 
the effect of incorporating increasing numbers of eulfur donor 
atoms, entailing different chelate ring systems around copper(II), 
on the spectral and redox behaviour. In this chapter we describe 
the isolation and study of copper(II) complexes of bis(benz- 
imidazolyl) ligands, with four (L1 - LA) and five (L5) thioether 
donor atoms (Scheme 5.1) and address the effect of the increasing 
number of thioether donors among complexes with all-five-membered 
chelate rings. Attempts are also made to infer the coordination 
geometriee of theee complexes from their ligand .field and EPR 


gpectra in comparison with related complexes. 


5.2 Experimental 


5.2.1 Synthesis of Certain Multidentate Benzimidazole-Derived 
Ligands 


Benzimidazole are readily prepared by the ring-closure 
reaction of 1,2-diaminobenzenee with a carboxylic acid“. The 
tetra- and pentathioether benzimidazolee (Scheme 5.1) have besn 
egynthesised’’ by this method, from their corresponding dicarboxylic 


acid precureors described in Chapter 3, as follows. 
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1,12-Bis(benzimidazol-2-yl)-2,5,8,11-tetrathtadodecane (L1) 


The diacid 2,5,8,11-tetrathiadodecane-1,12-dicarboxylic 
acid (Chapter 3) (6.4 g, 19 mmol) was ground with o-phenylene- 
diamine (4.2 g, 39 mmol), fused and stirred for one hour at 160 °C. 
The biue colour solid obtained was recryestallieed from aqueous 
ethanol using decolourising charcoal. Yield, 51 %, m.p. 118 °C; 
(Found: C, 55.4; H, 5.80; N, 11.6. CuHL.4S4N4 requires C, 55.7; H, 
5.52; N, 11.8 X); MS: m/z 205 (11 Xx); “H NMR (DM80-d,): 8 2.50 (5, 
4H, -8-CH.-CH2-S-}), 2.73 (d, BH, J = 6.8, -8-CH,-CH.-5-}, 3.98 (se, 
4H, -5-CH,-BzIm), 7.17 ~ 7.13 (m, 4H, J = 3.2, Bzim-5,6), 7.53 - 
7.49 (m, 4H, J = 3.1, Bzim-4,7}); UV (methanol): nm (iog €) 285 
(3.72), 277 (3.78), 247 (3.67), 204 (4.48). 


1,14-Bis(benzimidazol-2-y1)-3,8,9,12-tetrathiatetradecane (L2) 


The diacid 3,6,9,12-tetrathiatetradecane-1,14-dicarboxylic 
acid (Chapter 3) (10.2 g, 28 mmol) was ground with o-phenylens- 
diamine (6.0 g, 56 mmol) and kept (1 h) at 160 °C with stirring. 
The blue product separated on cooling wae recrystallised from 
aqueous tetrahydrofuran (charcoal). Yield, 49 Xx, m.p. 122 °C; 
(Found: C, 56.9: H, 6.32; N, 10.7. CeaHscSaNa reoquiree C, 57.9; H, 
6.01; N, 11.1 &); MS: m/z 943 (12 x), “H NMR (DMSO-d, ): § 1.36 (5, 
4H, ~S-CH,-CHz-8), 2.80 (t, 8H, J = 6.9, -8-CH.-CH-5-), 3.09 (d, 
4H, J = 6.1, -8-CH,-), 3.09 (4, 4H, J = 6.2, -CHz~Bzim), 7.16 - 
7.13 (m, 4H, J = 3.1, BzIm-5,8), 7.51 - 7.48 (m, 4H, J = 2.9, 
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Bzim-4,7); UV (methanol): nm (log €}) 281 (3.56), 275 (3.58), 243 
(3.51), 208 (4.39). 


1,13-Bis(benzimidazol-2-y1)-2,5,9,12-tetrathiatridecane {(L3) 


The diacid 2,5,9,12-tetrathiatridecane-1,13-dicarboxylic 
acid (Chaptsr 3) (11.1 g, 32 mmol) wae refluxed {32 h) with 
o-phenyienediamins (8.9 g, 84 mmol) in 6N hydrochloric acid 
(100 mL). The solid separated on cooling was sBuppended in water, 
neutralised with aqueous ammonia and recrystallised from aqueous 
ethanol. Yield, 53 %, m.p. 200 °C (4d); (Found: €, 56.9; H, 5.56; 
N; 11.7. CesHia aN requires C, 56.5; H, 5.77; N, 11.5 xX); MS: m/z 
223 (21%); *H NMR (DMSO-d): § 2.01 (8, 2H, -CHz-), 2.51 (t, 4H, 
~CH-8~), 2.79 (6, BH, ~8-CH,-CH,-S-), 3.98 (es, 4H, -CH.-BzIm), 
7.15 - 7.18 (m, 4H, J = 3.1, BzIm-5,6), 7.49 - 7.52 (m, 45, 

J = 3.1, Bzlm-4,7); UV (methanol): nm (log €}) 285 (4.17), 277 
(4,28), 248 (4,09). 


1,15-Bis(benzimidazol-2-y1)-3,68,10,13-tetrathiapentadeocano (L4) 


The corresponding thiocarboxylic acid, 3,6,10,14-tetrathia- 
pentadecane-1,15-dicarboxylic Acid wag prepared 66 reported in 
Chapter 3. This diacid (14.9 g, 40 mmol) was treated with 
o-phenylenediamine (8.7 g, 81 mmol) in 6N hydrochloric acid 
(75 mL) and refluxed (24 h). The hydrochloride separated on 
cooling was neutralised with aqueous Ammonia and the product wae 


recrystailised from aqueous ethanol. Yield, 52 %, m.p. 162 °C; 
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(Found: C, 58.5; H, 5.93; N, 11.1. CasHsa54N.a reoqguiree C, 58.1; H, 
6.24; N, 10.8 £); MB: m/z 205 (15 x), *H NMR (DMS0-d,}: § 2.15 (s, 
gH, -CH-), 2.51 (&, AH, -CH,-S-), 2.75 (, BH, -~8-CH,-CH,-5-), 3.02 
(d, 4H, J = 8.5, -8-CHz-), 3.10 (d, 4H, J = 6.4, -CH,-BzIm), 7.14 - 
7-17 (m; AH, J = 3.0, BzIm-5,8), 7.48 - 7.52 (m, aH, J = 3.0, Bzilm- 
4,7); UV (methanol): nm (log €}) 281 (4.10), 275 (4.15), 244 (4.07), 


216 (4.29). ¢ 


1,15-Bis(benzimidazol-2-y1)-2,5,8,11,14-peontathiapentadecane (L5) 


The diacid 2,5,8,11,14-pentathiapentadecane-1,15- 
dicarboxylic acid (Chapter 3) (3.5 g, 9 mmol) was refluxed (24 h) 
with o-phenylenediamine (2.0 g, 18 mmol) in 6K hydrochloric acid 
{100 mL), the hydrochloride peparated on cooling wae neutralised 
with aqueous ammonia and then the solid obtained was recrystallised 
from aqueous ethanol. Yield, 55 X, m.p. 210 °C (d); (Found: C, 
53.7; H, 5.73; N, 10.7. CraqHsoSsNa requires C, 53.9; H, 5.65; N, 
10.5 %); MS: m/z 253 (25 x); *H NMR (DMSO-d): 8 2.1 (8, 4H, -§- 
CH=), 2.55 (5, 4H, -CH-5-), 2.79 (s, 4H, -8-CH-), 3.32 (5, AH, 
-CH.-8-}, 3.99 (es, 4H, -CH;-BzIm), 7.19 (m, 4H, BzIm-5,6), 7.52 


(m, 4H, Bzlm-4,7). 
5.2.2 Preparation of the Complexes 


The corresponding copper(II) perchlorate complexes were 


isolated as follows. 
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{Cu(L1)1(C104)2. A solution of Cu(C104)z.6HL0 (0.37 &, 
1 mmol) in methanol (1 mL) was added with stirring to a methanolic 
egolution (20 mL) of Li, (0.47 g, 1 mmol) and then cooled. The 
complex obtained wes filtered off, washed with cold methanol and 


dried over P40, under vacuum. 


{Cu(L2) ](CL04 Jz, [Cu(L4)1(C104). and {Cu(L5) (C104), were 
prepared following the procedure used for {[Cu(Li)})](C104).. 
Copper(Il)}) complexee of some of the ligands were isolated as 
chlorides, nitrates and tetrafluoroborates by adopting the bame 
procedure used to syntheeiee the perchlorate complexes, and 
starting from the respective copper(II) salt. The results of 


elemental analysis (Table 5.1) correspond to 1:1 complex formation. 


5.3 Resuits and Discussion 


5.3.1 Synthesis 


A1l the copper(II) perchlorate complexes except [Cu(L3)J1°* 
were isolated as cryetalline solide and are stable. The analytical 
data for theee 1:1 complexes are collected in Table 5.1. Ap 
[Cu{L3)]”" ib very unstable pospibly due to facile reduction of 
Cu(II) in the presence of ligand, physical measurements were 
therefore carried out on a freshly prepared solution containing 
Cu(C104)a and L3 in 1:1.1 ratio. Attempts to isolate single 
crystals of the complexes were unsuccessful. 


{ 
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Table 5.1 Analytical data” for [Cul]”* complexes 


Complex $C “nH x N x Cu 
[Cu(L1)3(C104 J+. HO 33.8 3.83 6.99 7.93 
(94,2) (3.91) (7.25) (8.22) 
{Cu(L1)](BE,),.3/2H40 95.5 9.84 7.12 8.31 
(35.8} (3.95) (7.56) (6.80) 
([Cu(L1) 1(NO, }4 .-1/2H20 39.0 3.94 12.1 98.18 
(39.4) (4.05) (12.5) (9.47) 
{Cu(L1) C1, .HLO 42.0 4.11 9.19 10.3 
(42.1) (4.49) (8.93) {10.1) 
[Cu(L2)](C10, )a . 2H.0 94,8 3.76 7.54 8.32 
(35.1) (4.10) (7.12) (6.07) 
[Cu(L2)1C1. . 2,0 41.7 4,62 8.91 9.41 
(41.9) (4,89) (8.50) (9.64) 
(Cu(L4) ](C104 )- 36.9 3.92 7.55 8.37 
(38.5) (4.14) (7.19) (8.16) 
{Cu(L4)](BF.,)z.H20 38.7 4.20 7.67 8.46 
(38.9) (4.44) (7.26) (8.23) 
(Cu(L4) J] (NO, Jz. 1/2H,0 41.8 4.28 11.4 8.64 
(42.1) (4.66) (11.8) (8.91) 
[Cu(L4A) Cl, 46.4 4.91 B.24 9.48 
(46.1) (4.95) (8.60) (9.76) 
{Cu(L5)1(C104 ). .H2O 35.0 3.62 6.43 7.55 
(35.4) (3.96) (6.87) (7.79) 
{Cu(L5) 1C1. -H,O 41.9 4,25 7.73 8.97 


(41.9) (4.69) (8.15) (9.25) 
& 


Caiculated vaiues are within parentheses 
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5.3.2 Infrared Spectra 


The infrared spectra (Fig. 5.1) of all the perchlorates 
show & strong band (V4) split into three components (1070, 1100 
and 1140 cm’) suggesting’* coordination of C104". However, the 
forbidden |, band which is allowed and appears around 900 cm in 
lower symmetry ip absent and a single gharp unsgplit band ie 
observed at 620 om” (V4). This suggests that the uncoordinated 
perchlorate ie in an ionic form and that the spiitting of VW, band 
may be due to Cl04” hydrogen bonded'” to NH of the benzimidazole 
moiety. The tetrafluoroborate complexes also show a split Vv; band 
around 1070 em *, suggesting Buch hydrogen bonding rather than 


coordination of the anion. 
5.3.9 Electronic Spectra 


The reflectance spectra of all the present complexes ghow 
either one broad or two weil separated ( > 3.0 kK) ligand field 
bands in the viepible region (Fig. 5.2). In methanol solution 
noticeable differences in ligand field features are observed (Table 
5.2), impiying structural changes, such as displacement of axially 
coordinated thioether, by solvent or anion. Thue in methanol 
golution both the C10, and BE, salts of [Cu(L1)]”* exhibit 
(Fig. 5.3) only one ligand field band, although they ghow different 
gpectral features in the solid etate. These த்தல்‌ data suggest 
that the geometry’”’’* of the complexes is likely to be distorted 


octahedral rather than trigonal bipyramidal, both in solution and 


(Pp) “("H8)L(TT)N0] 
pue (9) *(*0T9)[(GT)M9] ‘(Q} *(*O0T0)([(¥T)ND] “(¥) 
2(*019)[(Z1)n2] 30 (,Wo OST - 006) ¥A49ad8 poIBIFUI TG ‘STA 
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- 99g. a*99SH 


«nel 
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Table 5.2 Electronic spectral data of {CuL]°* complexee in 
methanol“; த in kK and € (M cm’) in parentheses 
Complex Medium Ligand Charge 
Field Transfer 
{Cu(L1) 1(C10. Ja Solid 15.0 26.3 
MeOH 14.8 (175)* 28.4 (4230) 
[Cu(L1)1(BF4 )2 Solid 14.4 24.9 
16.௦ 
MeOH 14.9 (177T)* 28.5 (3690) 
({Cu(L1) 1(NO; Jz Solid 15.5 26.5 
MeOH 11.4 (177) 30,7 (2420) 
15.2 (234) 
[Cu(b1) Cl, ' Solid 12.0 26.5 
14.6 
MeOH 11.4 (231) 30.8 (2040) 
15.2 (301) 
{Cu(L2)1(C104 )+ Solid 14.1 24.9 
MeOH 11.4 (200) 30.7 (2850) 
15.3 (190) 
[Cu(L2)]C1l. Solid 14.86 24.6 
MeOH 12.1 (483) 90.4 (3910) 
15.2 (380) 
{Cu(L3)](C10.4)." MeOH 12.3 (143) 26.8 (1380) 
15.3 (286) 


continued 
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Fig. 5.3 Ligand field epectra of ([Cu(L1)](C1l0.,)4 (a) 
and €Cu(L1)J(NO;)a (b) 
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the solid state. 


The Non values of all the complexes (Fig. 5.4) are in the 
same range ae for the bis(benzimidazoiyl)-dithia and -trithia 


® of copper(II), suggesting the presence of an 


complexes’’* 
eauatorial CuN.8. chromophore.”°’”* The ligand field bands for 
[Cu(L1)]°* and [Cu(LA) 1 perchlorates are higher in energy than 
those for other perchlorates, suggesting that the all-five-membered 
chelate ringe as in the former and the alternate Bix and five 


membered chelate ringe in the latter provids the strongest ligand 


field environment for Cu(Il). 


The intense band observed in the region 26.8 - 30.7 kK for 
ali the complexes is assigned to a S(o) ---> Cu(Il) charge transfer 
(CT) transition.” Among the bis(benzimidazolyl) thioether 
complexes with all-five-membered chelate ringe the E44. values of 
thin band steadily increases with increaee in the number of sulfur 
donor atoms up to four but for five it decreases (Wig. 5.5). It 
appears that thie variation originates from structural changee 
impoeed by the dieposition or non-coordination of the thioether 


donors. 


The modest enhancement of intensities for the visible band 
may be attributed to intensity borrowing’ from the S(o) ===> 
Cu(II) CT band. Among the bis(benzimidazolyi) thioether copper(II) 


complexes with all-five-membered chelate ring syetems the relative 
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intensities of the visible band, calculated using Jorgeneen’s 
equation” parallel the observed variation in €,.. of the CT band 
(Fig. 5.5) and this variation is in agreement with that observed 
for CuN4S and CuN,S, compiexes” (Fig. 5.6). The lower value observed 
for CuNLS, illustrates that the overlap of an axial thioether with 
the copper d,a-,« orbital is poor and confirms that its higher CT 
intensity is only structural in origin. Further, the €,.. value of 
[Cu(L1) (C104 )4 18 much lower compared to those of the three other 
tetrathioether compiexes, even though it has the highest €,.., values 
for the CT band. This may correspond to a structure (discusead 
below) and hence a W term” less favourable for intenpity 
borrowing. Within the CuN45., perchlorates the significant variation 
in intensity of the ligand field bande impliee distortion and/or 


axial interaction affected by the chelate ring sizes. 
5.3.4 EPR Spectra 


The polycrystalline spectra of [Cu{L1)1(C104)4 and 
(Cu(L1)](BF,)4 are axial while those of the other complexes ars 
rhombic (Fig. 5.7). For the latter syeteme Buin > 2.03 (Tabie 5.3) 
and the R values { = {gz-g,)/(@5-g.)] are < 1 indicating a 
predominently d,4_,. ground atate.’*’*” This is in contrast to 
copper(II) complexes of bis{(benzimidazoly}} thioether ligande with 
CuN.S, chromophores with d,. ground state in trigonal bipyramidal 


geometry.*”’”* However, the frozen-solution epectra of all the 


conplexes are Axial (Fig. 5.8) (,, > &, > 2.0), illuetrating 


amacAig FUT EAPT6US peioqubw 

~58ATI TTP UTM SOXOTAMOD (TA-Z-TOZEPTMUTZUOG)8TG UT 

9uo4e JOUOp anJThe Jo ieqummu eu4 SA sepueq PTATS PpUPSTT 
9U4 Jo gNTRA “5 (—---) peAKOTqO pH ( } PoAPINOTED 9G “STA 


swWo}o S jo oN 
009 00S 00'y 00'C 00° 0o’L 000 


0000! 


00'00¢Z 
£ 
© 
0 


\ / 0000S 


g 00009 


410 


Table 5.3 EPR spectral data of [Cub] complexes 


Compound Medium 


{Ou(L1)I(C10,)9? Powder 


[Cu(LI) (BE), Powder 


[Cu(L1) (NOs) Powder 


[Ca(L1) Cl, Powder 


{Cu(L2)1(C10, )a Powder 


MeOH/ 
tiej00 


[Cu(L2}1C1, Pouder 


HeOH/ 
HesCO 


{Cu(b3) (C1049 MeOH/ 
Hes 


2.079 


49 


59 


50 


61 


4 
&|| A 
2.150 - 
2.184 187 
2.155 - 
2.186 167 
2.208 124 
2.198 135 
2.242 134 
2.197 131 
2.412 122 


2.040 


2.078 


2.104 


1.913 


111 


[Cu(L4A) IC10, hh Powder 2.202 


2.116 - - - 
2.004 

MeOH/ 

HesC0 2.112 84 2.198 108 


[Cu(LA)1(BR), Powder 2.204 


2.115 ப = = 
2.006 

MeOH/ 

Hez00 2.112 30 2.213 128 


[Cu(LA} {NOs )» Powder 2.198 


2.120 - - - 
2.023 
HeOH/ 
Hez00 2.113 30 2.288 140 
[Cu(L4} C1, Powder 2.110 - - - 
HeOH/ 
HeyCD 2.112 59 2.195 135 


[Cu(l:5)1(C10,), Powder 2.198 


2.120 - - - 
2.011 
HeOH/ 
Hex 2.110 28 2.242 143 
£Qu(L5) ICL; Powder 2.094 2 க - 
MeOH/ 
HeyCO 2.110 61 2.276 169 


tA x10 ml 
b Simulated values: 8» 2.250; As 154; An: 15; ED 2.085 
£ complex prepared in situ 


2.069 


2.062 


-- 


) 


Fig. 5.7 Polycrystalline KPR spectra of [Cu(L1)1(ClQa)s { 


and (Cu(L4))(C104)2 (---—) 
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changes in structure on dissolution. The 8, (2.29 - 2.20), 8, (2.09 
- 2.04) and A,, (140 - 130) x 10” cm] values of theese complexes, 
except (Cu(L3)]** are congistent with those reported for bia(benz- 
imidazolyl)”” and other thioether" complexes with CuNLS, and 

CuNLS, chromophores and lie in between the N, and S, delineators in 


the g{i:Aj: map,” supporting an equatorial NS, donor set ae 
euggeested by the eiectronic spectral data. The high g,, value 
observed for [Cu(L3}]*" illustrates that one or more thioether 
donors remain uncoordinated” at 77 K. The 8,, value is expected” 
to decrease and the A,, value to increase on increasing the number 
of coordinated aulfur atoms, but interestingly the reverse trend 
is observed on increaeing the number of sulfurs from three to four 
to five, Among all-five-membered chelate rings. This trend ib 
gimilar to that in the €,.. Values of S(g) -~-> Cu(II) CT band, 
illustrating ns influence of the axial interaction by sulfur. The 
values of the g,,/A,, quotient (130 - 170 om) of ail the copper(II) 
complexes, except [Cu(L1)]**, are higher than the range (105 - 


22 This repropents a 


135 cm) sxpected for square planar complexes. 
highly distorted octahedral geometry caused by axial interaction, 


which ip well known to raise” g,, and lower A,, values. 


The nitrogen superhyperfine etructure (Aj(ws ¥ 16 G) in the 
perpendicular region is better resolved in [Cu(L1)](C104). (Fig. 
5.8) than for the {[Cu(L2)]"* and {Cu(L5)]*" perchlorate complexes. 


The nine lines for the former may originate from the presence of 
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two non-equivalent nitrogene or two equivalent nitrogene in the 
squatorial plane with the hyperfine etructure complicated by the 
perpendicular features of copper.” We favour the latter 
explanation because in the parallel region only five lines 
corresponding to two equivalent nitrogens are observed (Fig. 5.8 
inset}. Further, the spectrum simulated assuming two equivalent 


nitrogene is identical with the obgerved one. 


The above spectral discussion leads ue to propose tentative 
gtructureb (Fig. 5.9) for the present complexes. Ali of them 
contain the inferred CuN45. equatoriai plane. The etrong Cu-N,.xa 
bonde’* would prefer to lie in the equatorial plane and the 
thioether donors would then be forced to occupy the other 
equatorial and axial sites or remain unbonded. One of the five 
thiocather donors in {Cu(L5)]** will not be permitted to form a bond 
to copper. Further, the observed g,, Values ars nearer to 2.28 
rather than 2.31, which is characteristic of a trans rather than 
cle disposition of sulfur atoms in the CuN.S, plane;”” thip is also 
eupported by the symmetrical nature of the band at 30.0 kK. 
Extensive studies" on cobalt(III) complexes of open chain 
thioether ligande have established that a thioether donor linking 
two five-membered aiiphatic chelate rings adopt a non-planar 
arrangement about the metal. In fact, a folded geometry has been 
observed for {Cu(L6).2H.0] (HLL6 = 2,5,8-trithianonane-i,9~ 
dicarboxylic acid)”” and {Cu(L,7)J°* (LT = bis{(imidazol-2-ylmethyi)- 
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1. (Cut Li) 7° 


XK = anion 
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s 
2. [Cu{tL2)1?*, [Cu(L3) 1°, (Cu(LA) 1°, [Cu(L5) 1° 


Fig. 5.9 Proposed geometries of the Cu(II) complexes of 
bis(benzimidazol-2-yl)tetra- and pentathiocether 
ligands 
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sulfide}.’” So [Cu(L1)]** with all-five-membered chelate rings 
would be expected to display a ‘folded’ geometry which is entirely 
different from those proposed for other complexes with one or more 
gix-membered chelate rings. During the course of this work the 
crystal structures of nickel(Il} complexes of pyridine analogues 
of NS, and NaS4 (Li) Ligands have been published. All contain the 
proposed ‘folded’ geometry with a cis disposition of the thioether 
donore in the equatorial plane. Increasing the number of thioether 
donors increases the positive character of B,,. of the Ni(IlT)/N1(lI) 
coupie.”* The present unique and compact geometry for ([Cu(L1)J*- 


reflects its dietinct spectral features: 


(1) the popition and intensity of the ligand field band 
which are the highest and loweet respectively, compared to all 
other complexes 

(il) the g,,/A,; quotient value of 130 cm and 


(iii) the well resolved nitrogen superhyperfine structure. 


It ie unfortunate that the present complexes do not yield single 
oryetals euitable for X-ray diffraction, since such data would have 


helped considerably in ciarifying much of the interpretation. 
5,9.5 Redox properties 


All the perchlorate complexes exhibit a well defined 
cathodic wave (0.250 - -0.050 V) and a corresponding anodic wave 


(0.180 - 0.580 V) (Fig. 5.10). The diffusion coefficients 
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(Table 5.4) calculated from the slope of plots of i,. ve J” useing 
the Randles Sevcike’ equation” are typical of the Cu(Il)/Cu(lI) 
couple.”” For all the present complexes the peak current ratio 
{i,a4/ic-) is nearer to unity, implying quasi-revereible electron 
transfer; but the AE, values are greater than the Nernstian value 
(AE, ¥ 60 mV) for a one electron redox syetem. This clearly 
indicates considerable reorganiegation of the coordination spheres 
during electron tranefer, regardleee of the precise mechaniam. The 
[Cu(L1)]** and ([Cu(L4)}** perchlorates exhibit much lower AE,” 
values than thoee of the other complexee, illuegtrating that the 
*foided’ geometry in (Cu(L1)]** and six-membered chelate ringe in 
{Cu(L4}1°* provide low reorganisational energy barriers during 


slectron transfer. 


Significant variation in Cu(lI1)/Cu(I) redox potentials 
(Table 5.4) is observed among the CuN.S4 perchlorates: [Cu(L2)J)°" 
(55655) < (Cu(L1)]”* (55555) < [Cu(L4)]** (65856) < [Cu(L3)]1*" 
(45558). Six-membered rings present near the bzim moiety (in the 
CuN.S. equator) elevate E,. (240 - 176 mV), whereae that present 
at the middle of the ligands depresses E,.. : {Cu(L2)1”* < 
(Cu(L1) 1° (168 mV) and [Cu(L4A)1** < ([Cu(L3)]** (103 mV). A similar 
increase in redox potential (+ 120 mV) representing progreseive 
deetabilipation of Cu(II), with increaee in length of the bridging 
carbon chain, has been observed for copper(II) complexes of cyclic 


tetrathia”” and open hain NS, ligands.“ Further, six-membered 
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rings elevate or five-membered ringe depress E,.»., if 
interaction” as in the present thioether chelates is important. 
This indicates that the redox potentiais are affected both by the 
number and disposition of sulfur donor atoms preeent. The redox 
potential of {Cu(L1)}(C1l0,) decreasee (25 mV) on the addition of 
an excess of Cl ions as tetraethylammonium chloride, illustrating 
that Ci ion may coordinate in solution by replacing possibly an 


axial thioether. 


A plot (Fig. 5.11) of the redox potentiale of compounds 
containing only five-membered chelate ring syeteme va the number 
of thioether donors reveals that the potential increasee up to 
three, remains the same for four and then decreases for five 
thioether donors. The observed regular increase ie consistent with 
the empirical euggestion that each thioether donor elevates the 
potential by +141 mV. However, the values calculated for the 
present complexes using Addisons AR, parameters’ (Fig. 5.11) are 
lower than the adjusted values (K,.,; = Ej.» - EE; E° = 215 mV in 
methanol*”}). This implies that the contribution by bulky bzim to 
BE,» is much higher’ than that by pyridine or imidazole (A Ere 
+452 mV “*}) and in fact a better agreement with the observed values 
ig seen when a AELsin Value of +165 mV is used for the calculation. 
The values of E,.. calculated for {Cu(L5)]** are higher than that 
observed, illustrating that one of the five thioethers ie not 


coordinated. So it is obvious that the additivity in E,.4 ie 
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applicable only to planar four coordinated copper(II) complexes 
which on reduction form necessarily four coordinated, probably 


tetrahedral copper(I) species. 
5.4 Conclusions 


The novel and distinct spectral and slectrochemical 
behaviour of the CuNzS, perchlorates with all-five-membered chelate 
ringe ie puggestive of a unique ‘folded’ geometry. The Cu(ll)/Cu(l) 
redox potentials increase with decreage in energy of the 
8(g) —~-> Cu(II) transitions.”* An increase in the length of the 
bridging carbon chain among N54 complexes induces increased 
tetrahedral distortion and/or axial interaction and makes it easier 
to access** Cu(I). So EK, 18 expected to increase with increase’*’*” 
in g&,,.- However, a reveree trend ie observed in the g,, va K,.» plot 
for all the prepent complexes and for complexes of bip{benz- 
imidazolyl) polythioether ligands with all five-membered chelate 
ringe (Fig. 5.12). This leads us to conclude that the spectral 
properties and the high Cu(Il)/Cu(I) redox potentials of all the 
present compléaxes are determined not only by distortion and/or 
axial interaction caused by both the chelate ring etructure and 
number of eulfur donors, but also by the axial/equatorial 
dipposition of the sguifur donors. This is in contrast to planar 
copper(II) complexes of macrocyclic poliythiaether ligands, for 
which the effect of chelate ring size is more important*”'“” than 


the number of sulfur donor atoms in governing the redox potentiale. 
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CHAPTER 6 


6. ELECTROCHEMICAL BEHAVIOUR OF CERTAIN BIOMIMETIC 
COPPKR{(II) COMPLEXES IN AQUEOUS AND AQUKOUS MICEKLLAR 
SOLUTIONS 


6.1 Introduction 


Blue copper proteins exhibit facile electron transfer 
properties and novel catalytic functions, which are apeociated with 
the Cu(II)/Cu(I) redox cycle. Several electrochemical 
investigations on copper cheiates with varying donor atoms and 
geometries have led to the conclusion that both the coordinated 
methionine and the approximately tetrahedral etructure of active 
site of theee proteins contribute to their unusually high redox 
potentiale (0.18 to 0.68 V vs SCE).*’” Though useful, most of these 
previous studies were restricted to non-aqusous solvents and are 
not directly reievant to the biological environment encountered by 
copper proteins. Thus, though Cu(II) models which closely mimic 
their unusual spyectral and electrochemical properties have been 
euccesefuily isolated, they have been studied only in non-aqueous 
solvents like dichloromethane.” In an effort to examine the redox 
fate of biomimetic copper(II) complexes in more biologically 


relevant medium, we have initiated a study of their electrochemical 


properties in aqueous eurfactant solutions. 


Micelles are dynamic surfactant Aggregates capable of 
combining with eolute molecules via hydrophobic and Coulombic 
interactions. Organized micellar aggregates have been used in a 
variety of chemical and industrial applications.* They are well 
known to solubilize poorly soluble organic™** as well as 
coordination compounds’”® and are often considered to be biomimetic 
in that reactions on and within the micelles may mimic reactions 
at biomembrane interfaces.’ Thue micelle solubilized ferrocene has 
been used as a mediator titrant for cytochrome c oxidass.’° 
Further, auch solutions often provide practical enhancement of 
reaction rates and exhibit catalytic properties.’ Thus the 
electrochemically generated Co(lI}~bipyridyl complexes bound to SDS 


micelles reduce allyl chloride in water.** 


Klectrochemicat investigatione on the interaction of metal 
complexes with micelles are scarce and reactions involving 
inorganic compounds in micelles are less well understood. The 
electrochemistry of ferrocene’” and cobalt’” and rhenium“ complexes 
in micellar eolutions have been studied very recently. In the 
preeent study we have chosen & few copper(Il) coordination 
complexes containing biomimetic thioether and pyridine (py) or 
benzimidazole (bzim) nitrogen donors [Scheme 6.1], which have been 
investigated as models for blue pites.‘*™*” The advantages of 


choosing these systems are 1) their solubility in water, which 
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enables comparison of redox properties in micellar solution to that 
in aqueous solution, 11) structures of Cu(lI) and Cu(II) forms (Fig. 
6.1) of most of these eystems are known,’**°‘°*7” (Figs. 1.10, 1.11, 
4.1) 1:4) they are known to exhibit simple Cu(II)/Cu{lI) redox 
process and iv) the difference in hydrophobicity of the ligands. 
In the present work we focus our attention on the influence of 
anionic (SDS), cationic (CTAB), and nonionic (Triton X~100) 
surfactants on the redox behaviour - reversibility and rsdox 
potential - of Cu(II)/Cu(I) couple and hence the nature of micellar 


interaction with the copper complexes. 


6.2 Experimental 


6.2.1 Syntheosie of Ligands and their Cu(II) Complexes 
1,6-~Bis(pyrid-2-y1)-3,6-dithiaoctane (pdto) 


The ligand pdto was prepared’ as follows. To 1,2- 
ethanedithiol (2.31 g, 24.4 mmol) 2-vinylpyridine (5.2 £, 49.5 
mmol) wag added while stirring. The mixture wae kept aside for 24 
hours. The eolid formed wae recrystallised from petroleum ether 
(60 - 80) and dried over P40,, under vacuum. Yield, 78 4; m.p. 

48 °C; Lit. m.p. 50 - 51 °C. 


The corresponding Cu(II) complex wag prepared’ by adding 
Cu( C104 )= .6HLO (0.37 g, 1.0 mmol) in methanol {1 mL) to a methanolic 
golution (10 mL) of pdto (0.31 #, 1.0 mmol); the Bolid formed was 


collected and recrystallised from water. Yield, 80 %. 
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1,9-Bis(pyrid-2-y1)-2,5,8-trithianonane (pttn) 


This ligand was prepared by following the procedure reported 
in the literature .’*“ Added was 2-chloromethylipyridine hydrochloride 
(2.12 g, 19 mmol) in ethanol (25 mL} under nitrogen with stirring 
to a eolution gf KOH (1.46 g, 26 mmol) and bis(2-mercaptoethy1}- 
eulfide (1.0 g. 6.5 mmol} in ethanol (25 mL). A white precipitate 
of KCl formed immediately. The reaction mixture wae stirred (30 
min) and refluxed (1 h), cooled to room temperature and then the 
solvent was removed (rotary evaporator). Water wae added, followed 
by enough KOH to bring the pH to 13 and the product was extracted 
with dichloromethane. The extract was dried with magnesium sulfate 
and then the egolvent was removed (rotary evaporator) to get the 


yellow oily product. Yield, 85 %. 


The Cu(ill} complex wae prepared by adding Cu(C]04 ). .6HLO 
(0.37 g, 1.0 mmol) in methanol (1 mh) to a methanolic solution (10 
mL) of pttn (0.34 g, 1.0 mmol); the complex formed wae collected 


and dried over Pa40,0 under vacuum. Yield, 60 &. 


The ligande bbdo [1,8-bis(benzimidazol-2-y1})-3,6-dithia- 
octane},’” and pttu [1,li-bis(pyrid-~2-y1)-3,6,9-trithiaundecane]*” 
and their Cu(C10,). complexes were prepared as described in 


Chapter 4. 
6.2.2 Data Treatment 


Nonlinear parameter estimation was performed with a Bagica 


program. In this program initial estimates of the parameters 
within their phyeical limits were entered and the peak current 
vaiues are calculated from the D_.., in each step. Then a simplex 
search was parformed for improving the estimates. The improved 
astimates were indicated by the lowering of the differences between 
the computed and the experimental peak current values. After each 
fitting, plots of obeerved and calculated peak currents vs SDS 
concentrations were done for visual inspection. If initial 
eetimates are not within reasonable limits, the visual inepection 
of the plot shows a complete lack of correlation between observed 
and calculated values. In that case the initial estimates must be 
chosen carefully. Once the plot appeared satisfactory, the fitting 
parameters were fine tuned by minimizing the etep Biz of the 


parameters. 


6.3 Results and Discussion 


6.3.1 Klectronic Spectra and Solution Properties 


The hydrophobic tails and polar head groups of monomeric 
units of ionic surfactant molecules align in such a way to form 
miceiiar assemblies with non-polar interior and a polar interface 
with the bulk aqueous solution.” The solute molecules can be 
accommodated in the hydrophobic interior, radially at various 
depths or adsorbed at the micelle surface.” Their solubilities are 


affected mainly by Coulombic and hydrophobic interactions. The 
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present dipoeitively charged copper(II) complexes are expected to 
exhibit Coulombic interactions while the py and bzim moietios of 
the coordinated ligande hydrophobic interactions with micelles. 
Thus *H NMR studies of fCo(bipy)4]”’ complexes have revealed that 
py rings extend a few C-C bond lengthe into the hydrophobic region 
of SDS micelles.‘ 8o in cationic CTAB micelles such interactions 
may help offset the Coulombic repuleions of the cationic complex 


with the micellar surface potential. 


To understand the mode of micellar solubilization of the 
present compiexes, their electronic spectra in aqueoue and agueous 
micellar solutions have been measured and the data are coilected 
in Table 6.1. For all the preeent complexes in water the ligand 
field (Fig. 6.2) and S(c) ---> Cu(ll) LMCT (Fig. 6.3) bande'™~*” 
were observed around 16.4 and 28.1 kK respectively. The 
absorptivity rather than position (Figs. 6.2 and 6.3) of theee 
bands change eignificantiy in micellar solutions, in contrast to 
the red shifts observed for ferrocene,’” {[Co(bipy);]” *” and 
certain [ML.XJ°* °° complexes (M = Re, Tc; L =idepe = 1,2-bis- 
(diethylphosphino)ethane, dmpe = 1,2-(dimethylphoephino)ethane; 

XxX = Br, Cl). This suggests that micellar effect, rather than any 
major structural change in the coordination sphere, leads to 
greater allowedness of the bands for the present complexes. All 
the Cu(II) complexes possesses higher absorptivity for LE bands in 


more polar acetonitrile (Fig. 8.4) than in water illustrating the 
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Table 6.1 Eiectronic spectral data” for the Cu(II) complexes 


various golvente in the presence and absence of 


surfactants 


complex Solvent Surfactant 


[Cu(pdto) }°* water - 
SDS 
CTAB 


Triton X-100 


CH5CN - 
sDS 
CTAB 
Triton XK-100 
DMF - 
SDS 
CTAB 


Triton Xx-100 


[Cu(bbdo) ]”* water = 


CH, CK - 

water SDS 
water CTAB 
water Triton X-100 


LF 


16.7 
16.7 
16.8 
16.7 
16.9 
16.4 


13.6 
15.3 


16.8 


3 
16.1 


13.0 
17.0 


12.6 
16.6 


11.4 
16.7 


11.6 
16.9 


11.8 
15.6 


11.4 
16.7 


11.3 
16.7 


band 


(490) 
(550) 
(B00) 
(310) 
(740) 
(670) 


(400) 
(390) 


(550) 


(32) 
(20) 


(43) 
(310) 


(35) 
(27) 


(190) 
(170) 


{210) 
(220) 


(100) 
(170) 


(250) 
(240) 


(180) 
(240) 


24.17 
29.3 


28.7 


band 


(3140) 

(3220) 
(3430) 
(2230) 
(4660) 


(4470) 


{3460} 
(3790) 


(1420) 
(3760) 


(2810) 


(2300) 
(905) 


(1990) 
(640) 


(Cu(pttn)]”* water 


CH, CN 


water 


water 


[Cu(pttu) 1" water 


CH.CN 


water 


water 


“ Complex concentration 


16. 


16. 


BDS 11. 
16. 


Triton K-100 11. 
16. 


16. 
SDB 18. 


Triton X-100 18. 


No AN ON ONAN aN 


[5 1 த்‌ 6. [த்‌ ௫ இ 


(180) 
(410) 


(190) 
(450) 


(150) 
(380) 


(150) 
(350) 


(300) 


(100) 
(490) 


(370) 


(100) 


28.1 


28.0 


28.2 


<6.4 
26.1 


26.4 


28.5 


(3590) 


(4760) 


(3640) 


(3160) 


(1910) 
(3280) 


(1960) 
(777) 


= 0.002 M; surfactant concentration = 0.010 M; 
Wa» Values in kK and € in M* cm* in parentheses 
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Fig. 6.2 Ligand field spectra of {Cu(pdto)]** in aqueous 
(a) and aqueous SDS (0,010 M} (b), CTAB (0.010 M) 
(ce) and Triton X-100 (5 x) {d) solutions 


ABSORBANCE 


WAVE LENGTH (nm) 


Fig. 8.3 Charge transfer spectra of tCu(pdto)1** in 
Aqueous (a) and aqueous SDS (0.010 M) (bb), 
CTAB (0.010 M) (ce) and Triton K-100 (5 Xx) 
{d) solutions 
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importance of ionic interactions. A similar increase in 
absorptivity in SDS micellar solution for [Cu(pdto)}”* (Fig. 6.2) 
and [Cu(pttu)]’* suggests strong Coulombic interaction of complex 
cations with anionic SDS micelles cioge to the charged Stern layer, 
leading to probably a slight distortion in the coordination 
geometry. It is also possible that hydrophobic interaction of py 
or bzim ring would enhance the abporptivity of the LMCT and hence 
the LE band by inteneity stealing.’** In fact, the ability of 
(Cu(pdto}]”* and {Cu(bbdo)]°* containing weakly coordinated 
thioether donors to coordinate to anions like ClO, and NO," 
(Chapter 4) respectively, is evident from their crystal structures 
(Fig. 6.1).°°*"“” However, for [Cu(pttn)]°* and {Cu(bbdo)]1’* (Fig. 


6.5) the absorptivity of the LF band decreases but elightly. 


A Coulombic repulsion of cationic CTAB micelles with 
cationic [Cu(pdto)]”" (Fig. 6.2) complex species is expected to 
lead to weaker interaction and hence no change in absorptivity of 
both the LF and LMCT bande compared to water. But, interestingly, 
an increase in absorptivity is obeerved; thie euggeste a etronger 
interaction of py moiety with the lees polar sites present in the 
hydrophobic region of the micelles, in epite of the electrostatic 
dieadvantage; however, (Cu(bbdo)1’* with a chromophore’” pame a8 
that for [Cu(pdto)]”" but with more hydrophobic bzim ligand 
moieties, show lower €,.. values ae in SD§ micelles. For all the 


complexes the hypochromic shift of both the bande in Triton X-1i00 
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micelles suggest that the chromophores exist in a microenvironment 
much less polar than water, exhibiting predominantly hydrophobic 


interaction with the micelles. 
6.3.2 Klactrochemistry of Copper(II) Complexes 


The cyclic voltammogram of [Cu(pdto)]’* in aqueous 0.1 M 
NaCid4, eolution (Fig. 6.6) reveals the non-Nernstian behaviour of 
Cu(11}/Cu(lI)}) couple, as may be judged from the limiting peak 
potential separation {AE,°, AE, value extrapolated to zero scan 
rate), of 74 mV and the ratio (2.1) of the peak currents (1,./i.<) 
compared to the respective values of 59 mV and unity for a one- 
electron diffusion controlled reversibls process. The higher AE,” 
value is expected of configurational changes accompanying reduction 
of sauare-pyramidal (Cu’“(pdto)(Ci0.,)]* to tetrahedral 
{Cu’(pdto)]".”* The high current of the symmetrical anodic peak” 
is typical of adsorption of electrogenerated Cu(I) species. Such 
adeorption of Cu(I) complexes containing aromatic ligand moieties 
ig common.”” Interestingly, no such adsorption of Cu(lI}) species is 
discerned in aqueous 0.1 M TEABr and the linearity of the i,. vs 
square root of the scan rate plot (pasging through the origin) and 
the values of i,./ip- (1.1) and AE,’ (60 mV) (Fig. 6.7), eusggeet 
that the redox tends to become diffusion controlled and revereible. 
The complex {Cu(bbdo)]°°* Ehows reversible redox behaviour in 


methanol egolution’” (Chapter 4) but irreversible one in agueous 
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solution (0.1 M, NaCl.) (Table 6.2, Fig. 6.8) similar to its 
pyridine analogue (Cu(pdto)]**. The redox potentiale obtained from 
cyciic voltammetry are consistent with those from differential 


Puise voltammetry (Fig. 6.9). 


The complex ([Cu(pttn)]*" shows irreversible redox behaviour 
(Table 6.2) because of adsorption of Cu(l) species. In contrast, 
its homologue [Cu(pttu)}"* displays a diffusion controlled and 
nearly reversible redox (Fig. 6.10) in agueouge solution (Chapter 
4), as verified by the constancy of 1,./'W, low AE,’ (67 mV) and 
ipa/ibe value of unity (Table 6.2), which changes linearly with #v. 
The redox potentials of the present complexes follow the trends, 
(Cu(pttu) °* > (Cu(pttn) J"; [Cu(bbdo)]** > (Cu(pdto) 1°, 
illustrating the ability of six-membered chelate rings and bulky 


bzim’” to stabilize Cu{lI) state (Chapter 5). 


8.3.3 Klectrochemical Behaviour in SDS Micelles 


For all the present complexes the values of both i,. and 1,. 
decrease in SDS micellar solution compared to agueous isotropic 
solution. As the SDS concentration is increased there is 
considerable suppression in the slope of 1,. vs “°° plot and the 
diffusion cosfficiente (D) calculated from these slopee using 
Randles-Sevciks’ equation’ decreased (Fig. 6.11) comparad to those 
for free compiexes. The dramatic difference in electrochemical 


behaviour in 0.1 M NaCl0d4 and 0.01 M SDS/0.1 M NaClOda solutions 
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Tabla 6.2 Redox properties of Cu(II) complexes in aqueous solution in the absence and 
probonce of Ricellos® at 50 mV/a stan rate 


Complex Hodiumt Ey & te HOA ASS E(w ia/iy Dai Ki 
Vv Vv LA ம்‌ ny nV (| DEv* omt/a 
(Ou(pdto)]™  NaCI0 0.310 0.422 40.9 70.0 12 74 0.388 O03 வ 21 ஙவ2.7 
SDS 0.376 0.444 27.8 19.3 68 60 0.410 0.399 1.௦ 1.6 5.8 
Triton X-190 0.358 0.454 29.7 28.0 98 69 0.405 0.401 1.2 1.4 4.6 
f -0.066 09.074 24.0 22.7 140 0.004 -0.031 1.8 
TEABr 0.320 0.396 39.7 34.3 76 60 0.358 0.357 ப 03.2 
CTAH 0.288 0.418 31.4 29.6 132 68 0.352 0.361 1.4 1.7 0.8 
[Catbbdo)]!  NaC10, 0.419 0.546 25.0  6L.1 127 100 0.483 0.450 2.8 1.2 
SDS 0.380 0.464 11.0 2.1 84 78 0.422 0.427 0.8 0.2 0.1 
Triton X-100 . 0.478 0.566 16.4 10.4 58 70 0.522 0.509 10 0.6 4.6 
{0,050 0.084 11.0 0.62 134 0.017 0.003 0.8 
TEAEBr 0.382 0.464 17.8 62.2 102 80 0.433 0.421 3.9 8.1 
CTAB 0.352 0.464 24.4 20.4 112 07 0.405 0.433 1.4 0.9 0.4 
i(cu(pttn)]?* NaCl 0.294 0.376 54.68 127 #2 64 0.335 0.3907 2.6 3.0 
5DS 0.284 0.358 21.6 13.4 TA 74 0.321 0.321 1.0 0.5 3.8 


Triton X-100 0.288 0.942 32.0 24.7 54 46 0.315 0.317 1.2 1.0 1.7 


I{Ou(pttudI™ NaC10 0.430 0.510 36.2 30.4 80 670040 O44 O11 ல4.9 
5D5 0.467 0.540 15.9 12.8 1 - 0.504 0.500 1.1 1.4 00.8 


Triton X-100 0.444 0.525 21.7 17.4 B1 63 0.465 0.481 ii 2.4 0.5 


4 Concentration of NaCi0j and TEABr (tetraethylarmmonilum bromide} = Ol M: ¥ Concentration of 
surfactants SD5, CTAB and Triton X-100 = 0.01 H; ‘Supporting electrolyte uaed 1a NaC10, for SDS 
and Triton X-100 micelles and tetraethylammonium bromide for CTAB micellea: i Ab = A at 
zero scan rate; * Scan rate, 1 w/s;j pulse height, 50 mV; | valuss are for the 6econd raduction 
observed when the sultching potential ie -0.3 V; | precipitation occurs when CTAB ib added. 
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indicates that the copper complexes are associated with the 
micellar environment and that the diffusion of the micelie- 
solubilized molecule to the electrode egurface becomes the rate- 
determining step of the electrochemical reaction. The increase in 
effective size of Cu(II) complexes glows down their diffusion and 
roeults in lower peak currents and hence diffusion 
coefficients.”°’®* Analogous behaviour has been reported for 
methylviologen,”” [Op(5-dmbpy), 1” *° (5-dmbpy = 5,5’-dimethyl-2,2°- 


bipyridine] and trans-[ML.X.]'* “° [M = Tc, Re; L = dmpe or depel. 


For {Cu(pdto)]*" in 0.01 M 5D5/0.1 M NaCl. solution, in 
contrast to Aqueous isotropic solution the ratio of peak currents 
(1,./i,. = 1) which is independent of scan rate, the AE,’ value of 
60 mV (Tabi 6.2} and the linearity of the pilot bf cathodic (slope, 
129.2) and anodic (elope, 84.1) peak currents as defined by the 
Randlee-Sevciks’ equation strongly euggest the attainment of 
diffusion controlled, almost reversible Cu(II)/Cu(l)}) redox process 
(Fig. 6.6); this ehows that both forms of redox couple arse 
solubilized and therefore, stabilized in the microenvironment of 
SDS micelies. The peak currents and peak potentiale, when monitored 
at a constant ecan rate and complex concentration, varied 
systematically on increasing the concentration of SDS (Tabie 6.3). 
The plots of Ej, and AE, vs [SDS] show a maximum around 10 mM SDS 
concentration (Fig. 6.12), which corresponds approximately to the 


critical micelle concentration {cmc} of SDS (see below). This 
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Table 6.23 Redox properties of [Cu(pdto) (C10) 1(C10,) complex (0.001 M) in 
aqueous solution! in the presence of SD5 micelles with varving 
concentrations of SDS at 50 mV/e scan rate 


(06) i AG BW i 
V Vv uA uA mV Cv DPV 

0.000 0.310 0.422 40.9 70.0 112 0.366 0.373 2.1 

0.002 0.342 0.420 38.1 33.5 76 0.381 0.983 1.1 

0.004 0.356 0.428 4.0 27.1 Te 0.392 0.99: 1.1 

0.006 0.366 0.434 29.8 21.7 (5) 0 

0.008 0.368 436 28.3 18.5 68 0 

0.010 0.976 444 27.6 19.3 68 0.410 0.999 1.0 

0.020 0.072 450 293.6 16.1 76 Q 

0.030 0.362 19.7 11.5 66 0.405 0.393 0.9 

0.040 0.358 452 18.2 10.1 94 0.405 0.393 0.9 


0.050 0.356 458 17.5 9.9 102 0.407 0.394 0.9 


ஓ © 0 0 00௦ லவ~ 
= 
3 
[os] 


0.060 0.௦40 452 17.0 7.0 112 0.396 0.393 0.9 


tConcentration of NaCl, 0.1 M; Yecan rate, 1 mV/s and pulse height, 50 mV 
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conforms to the Berezin model which considers the surfactant 
solutions, above cmc, ag a two phase syetem with the redox 
components partitioned between the aqueous and micellar 
psuedophases.”” Further addition of SD8 increases the viscosity of 
the solution,”° which in turn retards the diffusion of the micelle- 
bound species and in 70 mM of SDS the redox wavee are flattened 


beyond obpervation. 


The complex [Cu(bbdo)]1** becomes soluble only when SDS 
concentration exceeds =~ 9 mM and its electrochemistry (Fig. 6.8) 
is pimilar to its pyridine analogue [Cu(pdto)]”*. However, the 
values of i,.4/iz- (0.6) increases with increase in scan rate 
suggesting that an irreversible chemical reaction and/or a 
reorientation of the complex in the micellar environment occurs 


following the electron transfer (KC mechanism);”* thus the AE,° 


value (78 mV) is not nearer to the Nernstian value. 


When the concentration of SDS is increased, both the 
cathodic and anodic peak currents decrease up to =~ 10 mM of SDS 
beyond which they remain almoet constant for both [Cu(pttn)]** 
{Table 6.4, Fig. 6.13) and (Cu(pttu)]’* (Table 8.5, Fig. 6.14). In 
the presence of 0.01 M SDS the peak current ratio and AK,” 
approach Nernstian values for {Cu(pttn)1". The shape of the plot 
of i,./iLc Vv equare root of scan rate suggests absence of any 


adsorption of Cu(lI) product.’ 
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Table 6.4 Redox properties of (Cu{pttn) 1(C10,) complex (0.001 M) in 
aqueous solution’ in the presence of SD5 micelles with varying 
concentrations of SDS at, 50 mV/5 ecan rate 


ப ப த த. HAD lip 
M Vv Vv ப ம்‌ wv Cv pp 
0.000 0.294 0.376 54.6 127.0 82 0.335 0.3907 2.5 
0.002 0.280 0.354 47.9 102.5 74 0.317 0.297 2.5 
0.004 0.268 0.314 31.7 30.3 79 0.291 0.07 1.4 
0.008 0.278 0.350 25.7 16.4 72 0.314 0.314 1.0 
0.008 0.280 0.350 23.1 14.6 79 0.315 0.317 1.0 
0.010 0.284 0.358 21.8 13.4 74 0.321 0.321 1.0 
0.012 0.286 0.358 21.0 13.0 72 0.22 00.39 1.0 
0.014 0.290 0.358 20.4 12.6 68 0.323 0.320 1.0 
0.018 0.286 0.358 20.2 12.3 72 0.322 0.347 1.0 
0.018 0.282 0.360 20.1 12.0 7A 0.321 0.7 1.0 
0.020 0.284 0.358 20.0 11.6 74 0321 0.318 1.0 


0.025 0.282 0.960 19.9 11.0 18 0.321 0.3186 1.0 


#Concentration of NaC10q, 0.1 M; bacan rate, 1 mV/s and pulse height, 50 mV 
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Fig. 6.13 Plot of anodic (a) and cathodic pbak current 
(b) values of [Cu(pttn)]°”" in aqueous solution 
vg concentration of SDS added 
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Table 6.5 Redox properties of (Ca(pttu) (C100); complex (0.001 M) in 
aqueous solution’ in the presence of SDS micelles with varying 
concentrations of at SDS 50 mV/s scan rate 


oa 

8 

த்‌ 
த்‌ 
E= 
க, 

D 
E 
5 
~ 


0.000 0.430 0.510 36.2 30.4 80 0.470 9.474 12 
0.002 0.436 0.521 31.2 24.9 85 0.479 0.483 1.1 
0.004 0.452 0.531 23.2 17.6 79 0.49 0.493 11 
0.006 0.458 0.538 18.9 14.7 81 00.498 0.501 14 
0.008 0.467 0.544 16.4 13.20.5068 0501 O12 
0.010 0.4687 0.540 15.9 12.8 73 0.504 0.500 1.2 
0.012 0.462 0.544 14.4 11.7 820.503 0.502 1.2 
0.014 0.482 0.542 12.9 10.8 80 0.502 0.501 1.2 
0.016 0.458 0.542 12.6 10.3 840.500 0.499 1.2 
0.018 0.460 0.546 12.1 9.7 86 0.503 0.495 1.2 
0.020 0.452 0.548 11.3 93 940.499 0.495 1.2 
0.030 0.448 0.548 10.4 8.4 100 0.498 0.487 1. 
0.040 0.437 0.552 10.0 8.0 1156 0.494 0.486 1.2 


0.050 0.434 0.552 9.6 7.8 11a 0.493 0.487 1.2 


‘Concentration of NaC10,, 0.1 ti; Yscan rate. 1 mV/s and pulse height, 50 wV 
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Fig. 6.14 Plot of cathodic peak potential (a) and anodic 
peak current (b) values of ([Cu(pttu)]”* in 
aqueous solution vs concentration of SDS added 
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The diffueion coefficients at various concentrations of SDS 


were analysed useing the equation,” 


Dabs = {D, + K, (8, = emc)DL]/[1 + K,(8,-cmc)] 


where, VD. diffusion coefficient of the free complex {in the 
absence of SDS) 
D, = diffusion coefficient of the micellar bound compiex 


K, = association constant per unit of SDS in the micalle 


8, = total molar concentration of added surfactant. 


K,. Dabs and cmc values were obtained by a nonlinear parameter 
optimization of Di..-5. data, as described in the experimental 
section (Figs. 6.15, 5.16). The data obtained ueging thie equation 
are summarized in Table 6.6. The cmc values for SDS in the presence 
of 0.1 MNaCl04 and 0.001 M [Cu(NzS.)1*" or (Cu(N,S,)]°* complex are 
only slightly lees than or the same ae that (ca. 8 mM) reported 
for SDS in salt free solutions.’ ™® This is interesting because 
cmc values are generally lowered in the presence of added salts" 
as observed for (Co(phen),}"* and {Co(terpy);]’* complexes.”* This 
may be traced to the higher polubility of the present complexes in 


aqueous solution. 


The valve of K, obtained for the association of (Cu(N.8,)]1** 
complexes with SDS is much higher than that for {Cu(pdto)]** 
(Fig. 6.15): the enhanced hydrophobic nature of ([Cu(N.S:)7°" 
complexes, conferred by the additional methylene and thioether 


groups facilitates their interaction with SDS. fCu(pttn)}]1** 
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Table 6.6 K, and cmc values calculated for the Cu(II})/Cu(lI) 
compiexes in SDS micelles” 


Complex K, cmc D, x 10* D, x 10° 
M> mM em /s cm/s 
[Cu(pdto) 1° 550 + 26 8.00 2.69 + 0.046 5.04 + 0.009 


{Culpttn)]** 17150 + 967 7.95 7.14 + 0.034 7.42 + 0.015 
[Cu(pttu) 1950 + 143 7.80 2.56 + 0.041 1.48 + 0.010 


[Cu{pttu) 1° 2600 + 106 7.70 1.80 + 0.027 1.10 + 0,009 


* cmc, critical micellar concentration of SDS in the presence of 
copper complex; D,, experimental diffusion coefficient of the 
complex in absence of surfactant; D,, calculated diffueion 
coefficient of the micelle bound complex 
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Fig. 8.15 Plot of observed (*)}) diffusion coefficients of 
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Fig. 


ipc (pA) 


16.00 


14.00 


12.00 


10.00 


8.00 


0.00 10.00 20.00 30.00 40.00 50.00 60.00 
[SDS] (mM) 


ai 


13.00 


0.00 10.00 20.00 30.00 40.00 50.00 ௧0.00 
[SDS] (mM) 


6.16 Pilot of observed (*) diffusion coefficients 


of {[Cu(pttu)]®" {a) and [Cu(pttu)]" (b) aa a 

function of SDS concentration. Solid line is 

the best fit data and the best fit parameters 
are listed in Table 6.6. 
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exhibits a binding ten-fold stronger than [Cu(pttu)]*", in spite 
of it possessing decreased hydrophobicity engendered by leeser 
number of methylene groupe; this may be traced to ite unique folded 
and ieee open geometry, the compactness of which appears to 
facilitate interaction with SDS.** Further, the K, value calculated 
for [Cu(pttu)]’ (Fig. 6.16} is larger than that for its oxidised 
counterpart; the greater hydrophobic solvation of the uncoordinated 
py moiety in the hydrophobic ({Cu(pttu})]’ with a tetrahedral 
structure’” (Fig. 6.1, Chapter 4), in the micellar interior appears 
to offeet the electrostatic disadvantage of the +1 charge. The K, 
values for the present complexes are much higher than that (550 
M™“) determined for tris(phenanthroline) cobalt(III) complex, 
expected of their open structure and lower hydrophobicity of the 
ligande.’”’** Further, they are of the same order as those 

(1 - 568 x 10°} for tris-ruthentum(Il) complexes of substituted 


phenanthrolines in Triton X-100 micelles. 
6.3.4 Klsctrochemical Behaviour in 0.1 M TRABr/0.01 M CTAB 


In 0.1 i TEABr/0.01 M CTAB solutions the complexes 
(Cu(pttn) 1°" and (Cu(pttu}]”* are insoluble; வக்கில்‌; {Cu(pdto) 1** 
and [Cu(bbdo)}*" are soluble. The values of both the peak currents 
for {Cu(pdto})]°* are lower and the values of peak current ratio 
higher (1.4) than those in aqueous 0.1 M (C-H,)4NBr solution (Fig. 
8.7); the AE, (AE,”, 68 mV) values are high, revealing an 


irreversible Cu(IlI)/Cu(I) couple. The Cu(Il)/Cu{lI) coupie of 
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(Cu(bbdo)]”* is lees reversible, as understood from the higher 
AE, value (AE,’. 67 mV) and the deviation of i,./i,. from unity 
(Table 6.2). For both {Cu(pdto)]** and [Cu(bbdo)1°* the 1,./t.- and 
AB, Values increase with increase in scan rate, consistent with 
the involvement of an EC mechanism as for [Cu(bbdo)]°* in SDS 
micellee. The decrease in peak current which is much less than that 
in SD§ and the reduced solubility in CTAB are typical of the 
electrostatic repuision between the solute and the popitively 


charged micelles. 
6.3.5 Effect of Triton X-100 Micelles 


The redox behaviour in nonionic Triton K-100 surfactant 
offers gome contrasts to those in ionic surfactants. Thue the 
cyclic voltammograms of [Cu(ydto)]”" (Fig. 6.6) and [Cu(bbdo)}** 
(Fig. 8.8) in 5 & Triton X-100 (= 0.01 M) exhibit two waves 
corresponding to Cu(lIl)/Cu(l}) and Cu(1)/Cu(Q0) couples; the latter 
is not observed in aqueous isotropic solution. The peak currents 
and hence D values are suppressed (Table 6.2) for all the Cu(II) 
complexes, suggesting that the complexes are mainly in the bound 


form. 


For {Cu(pdto)]"* the AF, value decreases (98 mV}; the 
ip,/i,- Value ie nearer to unity and increases slightly with 
increase in {¥ (Table 6.2), suggesting no adsorption of Cu(lI) 


species (Fig. 6.6). The eecond redox process is observed with high 
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AE, (146 mV) as weil ae i,./i,. Values indicating the adeorption 
of electrogenerated metallic copper on the electrode surface.” 
The E,.. value for the Cu(I)/Cu(Q) couple is 0.004 V (vs SCE) which 
is very high compared to the reported’’* value of ~0.78 V (vs SCE) 
in acetonitrile, illuetrating that hydrophobic interactions 
stabilize Cu(I) state. A pimilar redox behaviour is observed for 
[Cu(bbdo)1** (Fig. 8.86); however, the i,./i,. value becomee less 
than unity for Cu(1)/Cu(0}) couple (Table 6.2). {[Cu(pttu)]"* also 
exhibits a quasirevereible Cu(II) /Cu(I) redox behaviour (Fig. 8.10) 
with almost the same values of AE, and i,./i,- as in aqueous 
isotropic solution, but no Cu(l) -—-> Cu(0) process. Contraetingly, 
[Cu(pttn)]’* exhibits a redox process with low AK, (54 mM, AE,” 
= 46 mV) and i,./i,- (1.2) values, suggesting Cu(II) ---> Cu(0)} 
process and preferential stabilization of the Cu(II) complex by 
interaction with the non-ionic micelles. The AE, value increaegeg, 


whereas i,4/i,. value remains constant with increase in scan rate. 
6.3.6 Klectrochemical Redox Mechanism 


The dramatic difference in the spectral and electrochemical 
properties of Cu(II) complexee in aqueous and aqueous micellar 
solutions illustrates that the complexes are largely situated 
within the micellar environment and implies that the redox 
mechaniems are different and dependent on the nature of the 
eurfactant as well as the Cu(II) complex. The decrease in D valuee 


with added surfactants suggest that the micelle-solubiiized cations 
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diffuse to the electrode surface. The absence of adsorption for 
{Cu(pdto}]°*, {Cu(bbdo)]”* and {(Cu(pttn})]”* complexes in SDS 
micellar solution reveals that the electrogenerated Cu(I) species 
are solubilized and stabilized in micellar environment. It is 
likely that these species are situated on the micellar surface with 
much deeper penetration of py/benz moieties into the hydrophobic 
core. Generally, the configurational changes accompanying 
Cu(II)/Cu(I) electron transfer are not facile in low molecular 
weight complexee, compared to blue copper proteins, due presumably 
to solvent or anion participation in addition to several other 
factore " like adsorption of the reduced species. But in SDS 
micellar solution both the micelle-solubilized Cu(II) and Cu(I) 
speciee appear to have structures ideal for facile eiectron 
transfer with minimal structural change leading to the observation 
of diffusion-controlled, reversible electron transfer. It is 
interesting to note that [Cu(bbdo)]" undergoes further reaction as 


discussed already. 


We suspect that it is the monopositive [Cu(pdto)Br1* and 
{[Cu(bbdo)Br]* species which are eignificantly stabilized rather 
than the corresponding dipositive species in the poeitively charged 
stern layer of CTAB micelle. Crystallographic and cyclic 
voltammetric®” evidences are available to illustrate the 
coordination of halides and other euch anions to [Cu(N.S.)7* 


chromophores.’°*™*® The (Cu(pdto)Br}’ and {[Cu(bbdo)Br} epecies 
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solubilized in the hydrophobic core of CTAB micelles has to 
presumably move to the eurface of the electrode against the 
positively charged micellar surface potential, undergo electron 
transfer and then return to the hydrophobic environment a5 seen 
from ths absence of adsorption. Since the reduced species ie more 
hydrophobic than its oxidised counterpart, the reentry is probably 
faster than the exit process.” Interestingly [Cu(bbdo)]* undergoes 
further reaction as in SDS micelles. The dissociation of 
coordinated Br may constitute the structural rearrangement 
accompanying electron transfer and account for the enhanced 
irreversibility, compared to aqueoue solution. Thus the movement 
of the complexes to the outer eurface of the micelle appears to be 


a prerequieite for electron transfer. 


In Triton X=100 micelles the diffusion of Cu(II) complexes 
eituated in the hydrophobic microenvironment to the electrode 
surface for reduction and back is relatively facile as there ie no 
opposing eurface potential; this is in contrast to the behaviour 
in CTAB micellee. Thue [Cu(pttn)}°* showe Nernstian redox behaviour 
in this non-ionic micellar solution; however, the electron transfer 
is still irreversible for the other three compiexes. The non-polar 
hydrophobic environment provided by these micelles Appears 
unsuitable for stabilizing [Cu(pdto)}" and [Cu(bbdo)]1* from further 
reduction to metallic copper. This confirms the diffusion of 


electroactive species to the electrode surface for slectron 
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transfer. It is interesting that Cu(I) ---> Cu(0) process for 
(Cu(pttu)}** in Triton X-100 and for all the complexes in other 
micelles is not discernible. We believe that the novel and uniqus 
behaviour of {[Cu(pdto)}"*, [Cu(bbdo)}** and [Cu(pttn)]’* in Triton 
x-100 miceiles is due to different degrees of stabilization of 


their Cu(II) and Cu(l} structures by non-Coulombic interactions. 


Thus the electrostatic interaction in ionic micelles and 
dipolar ones in nonionic micelles affect the solubilization and 
stabilities of the redox species to various degrees and go not only 
the redox potential and reversibility but also the occurrence of 
Cu(l) =--> Cu(Q) procese is dictated by the nature of micellar 
environment and complex. The ‘structural reorganisation’ step which 
may be accompanied by the decomposition of coordinated anion or 
solvent would account for the decreased reversibility but it is 
difficult to dietinguish these two processes. Thus all stages of 
redox mechanism are controlled, intriguingly, by the addition of 


eurfactants. 
6.3.7 Redox Potentials 


The data in Table 6.2 show that the peak potentials are 
strongly dependent on the nature of the complex and the surfactant 
used. Alterations of the peak potentials can be expected as a 
result of preferential interacton between the medium and a member 


of the redox couple.”*’** Metal ions are known to bind strongly to 
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anionic miceiles’* And [Co(bpy})s;}”" °°” and (ML. X]" °° (M = Te, Re; 
D = depe, dmpe; X = Cl, Br} have been found to be harder to 
reduce than in water. So the present dipoeitive copper complexes 
are also expected to be stabilized by Coulombic interaction with 
the negativeiy charged SDS micelles and become harder to reduce. 
Thus the K,,. values of [Culbbdo)]** and [Cu(pttn)]1”* become 
negative; by contrast, those of [Cu(pdto)]1”’ and [Cu(pttu) 7°” 
increase, implying that the solubilization and net etabilization 
of Cu({) species on the surface of the micelle, with partial 
hydrophobic interaction subetantially offeete the electrostatic 
interaction and stabilization of the Cu(II) species. Similar 
positive shifts have been observed for [Co(phen)4]’" °* and 
{Co(terpy)4].*" The tetrahedral etructures’®*’°” (Fig. 6.1) of 
[Cu(pdto)]* (Fik. 1.10) and [Cu(pttu)]” (Fig. 4.10), the latter 
with an uncoordinated hydrophobic py moiety, Appear to be more 
hydrophobic than the square-based geometrips’”“'*” of the 
correeponding Cu(II) species. The hydrophobic environment in 
micelles appears to be less suitable to stabilize presumably 
tetrahedral {Cu(bbdo)1]" and ([Cu(pttn)]" Epeciee in spite of the 
etrongly hydrophobic bzim and py rings. The compact folded 
gtructures of their Cu(II) forme are preferentially stabilized by 
ionic interaction with anionic SDS micelles; Coulombic goivation 
energy appears dramatically more important than the hydrophobic 
interaction. Further, [Cu(bbdo)}]** generated is very unstable, as 


discussed above. 
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All the above observations are clearly illuetrated by the 
K./Kz. values (Scheme 6.2, Table 6.2) which are measuree of the 
relative stabilization of the redox components of the Cu(II1)/Cu(lI)} 


couple in micellar media, with respect to water. 


E+ 
Cu(II} + (த === Cu(I) 
« | 1: 
Es 
Cu(IlI})-M + (i === Cu(I)~M 
scheme 6.2 


These values are calculated from the shift in E,,. values by 


assuming reversible binding and using the equation, ”* 


HE = E+ - 0.059 log(K. /K..) 


where, E, and EK, are the redox potentials for the free and bound 
forme respectively and K. and K,. are the equilibrium constants for 
the binding of Cu(l}) and Cu(II) respectively to the micelle (M). 
The trend in this ratio is consistent with the K, values diecuseed 
above. Further, this ratio ranges from 0.1 to 5.6, suggesting that 
the binding of the complexes to micelles is only eiightly affected 
by the complex charge. A similar observation has been made for 


cobalt(III) tris(phenanthroline) complexes.” 


In CTAB micellep, both [Cu(pdto)]** and [Cu(bbdo) 1°" exhibit 
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low values of K./K.. suggeeting that significant solubility 


stabilization of Cu(II) species (see above) in the hydrophobic core 
overrides the potentially unfavourable Coulombic interactions. 
Further, [Cu(pdto)]’ rather than [Cu(bbdo)]" is more stabilised 
over their reepective Cu(II) in CTAB micelles, as discussed 


already. 


The nonionic Triton X=100 micelles generate the moet 
interesting slectrochemistry. The enhanced ease of reduction of 
[Cu(pdto)]**, [Cu(bbdo)]** and {Cu(pttu} 1°" observed in thie medium 
may result from solubilization properties of this surfactant, which 
are dominated by the relatively weak non-Coulombic interactions 
suitable to stabilize the hydrophobic Cu(lI) forms with lower 
charge. Ae in SDS micellar solution, [Cu(pttn)]”* is stabilized in 
this miceilar solution also. Thus as the nature of the micelles 
change from anionic to non-ionic to cationic, thelr ability to 
gtabilize tetrahedral {Cu(pdto})]’ and [Cu(pttu)]* species 
decreases; while (Cu(pttn}]”" is preferentially etabilized in all 
the micelles studied, [Cu(bbdo)]* in non-ionic micelles. For a 
given micelle, the ligand enlargement by incorporating CH, and/or 
thioether donor and the replacement of py by bzim ring lead to a 
decrease in relative stabilization of Cu(I). Thus the interaction 
of Cu(II) complexes with micelles depends on their structure a5 
well as the nature of micellee. The etabilization of Cu(I) and 
hence the E,.+ depends on the delicate balance between hydrophobic 


and electrostatic interactions. 
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6.4 Conclusions 


Significant micellar effects are observed in the redox 
behaviour of ali the present complexes. The stronger assoctation 
and hence the net solubilization stabilization of most of the 
present monopositive Cu(I) species in SDS and Triton X-100 
micelles, ae evident from K./K,. valuss, depends primarily on the 
nature of the iigand ae well as the structure of the complexes. 
This is obviously because hydrophobic interactions involving 
the coordinated ligands and the micellar interior are more 
important than electrostatic or dipolar interactions. It has 
been shown" that electrostatic contributions to the micellar 
binding ranges from ca. 5 & for the Co(II) to around 50 &* for 
Co{(IIl) species. A pimilar variation would be expected for the 
present Cu(I) and Cu(II) species. For both (Cu(pdto})]”* and 
(Cu(bbdo)}”* the strong binding of Cu(II) rather than Cu(lI) 
species, to the poeiltively charged CTAB micelles euggest that 
hydrophobic interactions are more important than Coulombic 
repulsions. When the hydrophobicity of a complex ie increased by 
substituting py by bzim moiety, the interaction with CTAB micelles 
ie increased. The observation of Cu(1)/Cu(Q) redox couple, in 
addition to Cu(Il)/Cu(lI) for the CuN,& chelates in Triton X-100 
micellee supports the importance of hydrophobic aesociation for the 


preegent syetems. 


Further, the reversibility of Cu(lIlI)/Cu(l}) redox couple of 
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most of the present copper complexes, in the micellar 
microenvironments of §8DS and Triton X-100 micelles is increased 
and in some cases the redox potential is raised. Thies is relevant 
to the facile electron transfer of blues copper proteins and enzymes 
in biological environment. This behaviour is in contrast to those 
observed generally for Cu(IIl)/Cu(I) coupie in non-aqueous solvents 
and is different from those of Co(II), Tc(III) and Re(IIT) 
complexes in micelles;‘”"”* the latter complexes do not obviously 


invoive any major structural rearrangement. 


The present study reveals that the redox process involves 
electron transfer to Cu(II) specieeg in aqueous phases, after its 
exit from micellar subphase, The eubsequent rapid reentry of the 
reduced Cu(I) species into the micellar core is facilitated by its 
hydrophobic nature. Thus the present work demonstrates the 
importance of hydrophobic interactions over electroetatic ones in 
the binding of charged copper complexes to micelles; however, no 
geparation of these contributions to micellar binding ie poegible. 
Further, the present study would be expected to pave the way for 


glectrocatalyeis by Cu(l) complexes in micellar soliutions. 
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CHAPTER 7 


7 A DOLL IN A DOLL SURROUNDED BY DOLLS: NOVEL, SKLKCTIVE AND 
COOPERATIVE ASSEMBLY OF CYCLODKXTRINS AROUND {1,8-BIS5- 
{(PYRID-2-YL)—3,6-DITHIAOCTANEICOPPER(IE) 


7-1 Introduction 


Cyclodextrins (CDs) are toroidally shaped polysaccharides 
made up of six (a-CD), seven (QCD) and eight (T-CD) D-glucose 
monomere, joined by a(1l-4) bonds.’ Because of the hydrophobic 
nature of the inner cavity, they act ae hosts for many organic 


« and organometallic compounds ’” and 


molecules,”’” inorganic ions’ 
form inclusion complexes when the guest and the cavity of host are 
of appropriate size” and are the moet important and widely 
etudied examplee of host molecules. The second sphere coordination 
of transition metal (platinum and rhodium} complexes bearing 
hydrophobic ligands, consisting of CDs have been structurally 
characterized by Alston et al.*°~°* in the bBolid state using X-ray 
crygetallography. In these complexes the hydrophobic ligand 
penetrates the cavity of the CD viz the wider aperture of the 


receptor associated with the face bearing the secondary hydroxyl 


groups. 


Cyclodextrin is also a well-conetructed miniature of an 


enzyme in the sense that it has a hydrophobic cavity of appropriate 
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size, bites for introduction of catalytic groups at juxtapositions, 
and satisfactory water solubility” and many enzyme models based on 
CDs have been reported.” The rate and stereochemical pathway of 
organic reactions are sianificantly changed by the inclusion 
complexation of க்கக்‌ with cyclodextrin. Since the modes 

of action of such reactions are very similar to those in enzymep 
or biological receptors, cyclodextrins have been regarded as good 
modeis for the biopolymers. Since the structure of CD is well 
defined, one can observe what ie really happening at the action 


gite more unequivocally than in the cases of biopolymers. 


It ie known that several intermolecular interactions ars 
responsible for CD complexation, acting eimultaneouely. Several 
intermolecular interactions have been propoeed and discussed as 
being responsible for the formation of cyclodextrin inclusion 


13,235 


complexes in an aqueous solution. 7 They are hydrophobic 
interaction, wan der Waals interaction, hydrogen bonding, the 
relief of high energy water from the cyclodextrin-water adduct, 
together with the formation of A hydrogen bonding network around 
the 0(2), 0(3) eide of the cyclodextrin macroczycle, upon substrate 


inclusion. 


We have been interested in the elucidation of the novel 
gpectral and electrochemical behaviour of blue copper proteins by 


constructing models. Since inclusion complex formation of CD, added 
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in eoiution or bound to the electrode has been ghown to enhance the 
electrochemical reversibility of several organic guests’ and since 
CDg haves been studied extensively ae models for enzyme active 


2241 we focus our attention on the electrochemical behaviour 


sites, 
of Cu(1I) complexee deeigned as models for blue proteins in the 
Presence of CDs. The inclueion phenomeron of bis(pyrid-2-yi- 
carbinolato)copper{II} by CDs hae been investigated’ but by using 
EPR and CD spectra. Recently, the effect of a- and 8-CDs on the 
ligand subetitution reactions of pentacyano(N-heterocycle}- 
ferrate(Il) complexes has been reported.’” No study has been made 
Bo far on the effect of CDs on the electrochemical behaviour of any 
metal or its complex species; only the electrochemical oxidation 
of ferrocene-carboxyliic acid in the prepence of @-CD has been 
investigated.”*‘** For the present investigation we have chosen the 
Type 1 blue protein model complexes [Cu(pdto)}* {pdto = 1,8- 
bis(pyrid-2-y1)-3,6-dithiacctane],”” [Cu(bbdo)]** (bbdo = 1,68- 
bis(benzimidazol-2-y1)-3,6-dithiaoctane) (Chapter 4) ,” [Cu(pttn) 1° 
(pttn = 1,9-bie(pyrid-2-y1})-2,5,8-trithianonane)”* and [Cu(pttu) 1° 
(pttu = 1,1l-bis(pyrid-2-y1)-3,6,9-trithiaundecane) (Chapter 4)“ 
with CuNLS., and CuN.S, chromophores (Scheme 6.1, Fig. 7-1). Although 


A few reports on the inclusion complex formation of metal complaxee 
with CDs are known,”"’"* the complex formation with the Che, 
described in the preegent study 1s unigue and relevant to active 


transport or concentration of eubstrates in biological eystems. 
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7.2 Kxperimental 


7.2.1 Synthesis of Ligands and their Cu(II) Complexes 


The ligands pdto, bbdo, pttn and pttu and their Cu(C10. )a 


complexes wers prepared as described in Chapter 6. 


7.3 Reenits and Discuspion 


7.3.1 Klasctronic and KPR Spectra 


AX] tho present Cu(II) complexes exhibit one (18.7 kK) or 
-two (16.7 - 11.2 kK) intense ligand field (16.4 KK) (Fig. 7.2) and 
a highly intense S(g) ===> Cu(II) charge transfer bande (29.3 - 
28.1 KK) (Fig. 7.3).**'*°°"7 For almost all the complexes there is 
a small but significant reduction or enhancement in molar 
absorptivities of both theese bands, on the addition of excess 
(0.010 M} a-, G+ and T-CDs in agueous solution (Table 7.1); 
however, there is no change in position of the bande (Figs 7.2 - 
7.4) as obperved in acetonitrile Eolution (Chapter 6), suggesting 
that the binding of CDs to the complex is not sufficiently strong 
to affect the primary coordination ephere. Thie is eupported by the 
frozen solution EPR spectral study of the complexes in the presence 
of excess CDe (2 XX aqueous solution), which shows no change in 


either gj, or A,, valve. 
7.3.2 Klectrochemical Behaviour of the Complexes 


The cyclic voltammogram of (Cu(pdto)]** in aqueous solution 


Table 7.1 


complex 


[Cu(pdto) 1°” 


{Cu(bbdo} J** 


[Cu(pttn) 1** 
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Electronic spectral data for copper(II) complexes” 


the presence of excess” cyclodextrins 


Medium 


LF band” 


16.8 (494) 
16.9 (743) 
16.8 (408) 
16.8 (619) 
16.8 (426) 
16.7 (168) 
11.4 (189) 


16.9 (220) 
11.6 (210) 


16.7 (172) 
11.3 (189) 


16.7 (173) 
11.3 (192) 


16.7 (167) 
11.4 (156) 
16.7 (411) 
11.2 (179) 


16.7 (450) 
11.2 (190) 


16.7 (392) 
11.2 (168) 


16.7 (375) 
11.2 (160) 


16.8 (384) 
11.2 (165) 


CT band‘ 


28.6 (3212) 


26.0 (4664) 

28.6 {2900) 
28.8 (1798) 
28.6 (2795) 
29.3 (3764) 
24.7 (1417) 
28.7 (2810) 
29.9 (1991) 
24.7 (684) 


29.3 (2070) 
24.7 (682) 


29.3 (2002) 
24.7 (639) 

28.1 (3589) 
27.7 (4760) 
28.3 (3104) 


28.3 (3417) 


28.3 (3403) 


in 


16: 


(Cu(pttu} 1”* HO 16.7 (296) 26.4 (1909) 
MeCN 16.3 (490) 28.1 (3280) 
11.1 (100) 
a~CD 16.7 (196) 26.4 (1579) 
B-CD 16.6 (517) 28.4 (2015) 
i T-CD 16.8 (356) 28.4 (2080) 


* Concentration of the complex, 0.001 = 0.0015 M; * concentration 


of a=-CD, 0.010 M; 8-CD, 0.010 M; T-CD, 09.010 M; * J 


Waa Values in kK 
and €& in M’ cm’ in parentheses 


ய 
(3) 
z 
a 
n 
டன 
Oo 
[1+] 
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«a 
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400 
Fig. 7.2 


WAVE LENGTH (nm) 320 
Ligand field spectra of [Cu(pdto})]** in 
aqueous (a) and aqueous a-CD (0.010 M) (b), 
B-CD (0.010 M}) (c}) and T-CD (0.010 M) (d) 
solutions 


ABSORBANCE 


200 
WAVE LENGTH (nm) ட 


Fig. 7.3 Charge transfer spectra of [Cu(pdto)}?* in 
aqueous (a) and aqueous a-CD (0.010 M) (b), §-CD 
(0.010 M) {c) and T-CD (0.010 M) (d) solutione 
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on & glassy carbon electrode {GC) at 50 mV/s shows that the 
Cu(II) /Cu(lI} couple le irreverelble (Fig. 7.5), as evident from 
the very high values of AE, and peak current ratio (i,.4/i,.) (Table 
1.2). The eymmetrical anodic peak with high current is obviously 
due to adsorption of Cu(lI) product formed on reduction. A copper(I) 
complex containing aromatic rings has been obeerved to be adsorbad 
on the surface of GC electrode.’®* The weak adeorption of the 
product {Cu(pdto}]* is revealed by the shape of i,./ip. vs {W plot 
(Fig. 7.6).*” The redox of {Cu(pdto) 1" ie irrevereible (AF,, 126 
wV) ona platinum sphere electrode also; however, the i,./i,. value 
is nearer to unity suggesting no adsorption of Cu(l}) species 

on the eiectrode. Electrochemical irreversibility of copper 
chelatee with flexible ligands is generally attributed to the 
configurational change accompanying electron transfer reaction.” 
Thue the entirely different X-ray structures” of ([Cu(pdto) (C104) 
(square pyramidal) and [Cu{pdto)}" (tetrahedral) complexes 

(Fig. 7.1) explain the observed irreversibility of the Cu(II)/Cu(lI) 
couple. The bzim analogue of the pdto complex, (Cu(bbdo)]1** also 
ghowe irreversible redox behaviour (AE,., 214 mV; i,./is<s 3.2) 
(Fig. 7.7) in aqueous 09.01 M NaCid, solution, again due to 


adsorption of the product of reduction. 


The complex (Cu(pttn)]°* shows irreversible redox behaviour 


(Fig. 7.8) with high i,.4/i,- and AE, (80 mV} values because of 
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adeorption of Cu(l) species. In contrast, its homologue 
{Cu(pttu) 1** displays a nearly reversible redox behaviour 
(Fig. 7.9) in agueous soiution, as verified by the constancy of 


i;e/fV, low AE, value and 1,,/i,- value of unity (Table 7.2). 


7.39.3 Electrochemical Behaviour of Dithioether Complexes in the 
Presence of (Dp 


The incremental addition of a-, B- and T-CDs to [Cu(pdto)]** 
in aqueous solution diminishes the anodic peak current considerably 
and there is substantial cathodic shift in the anodic peak 
potential. But the changes in current and potential of the cathodic 
peak are comparatively small. Thus on the addition of a- and 8-CDa 
the Cu(I1)/Cu(I) redox becomes diffupion controlled and reverpible, 
as inferred from the linear {,. ve {¥ plot Passing through the 
origin (Fig. 7.10), the decrease in AE, and the approach of 1,./i.< 


valuee towards unity (Table 7.2). 


When the concentration of CDs is increased, ,the values of 
both anodic and cathodic peak currents decrease up to a certain 
concentration and then remains constant suggesting completion of 
adduct formation of the copper complex with CDe (Table 7.2). All 
the plots of i,.: Ep». and AE, vs CD concentration show inflexion 
points at approximately five for a=, four for §- and three for 
T-CD (Fig. 7.11 a=c), which correspond to completion of adduct 


formation of [Cu(pdto)}”" with CDe and a doll in a doll in a 
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Fig. 7.lla Plot of observed cathodic (a) and anodic (b) 
peak current values of (Cu(pdto)}"* from CV 
vs concentration of a-CD added 
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doll arrangement. The limiting concentrations of CDs, at which 

‘ inflexions are observed, depends intereegtingly upon the sizs 

or number of D-glucoge monomere in the CD molecule. The observation 
of such saturation points has often been proved difficult or 
impossible.”* However, Yokoi has used EPR spectroscopy to observe 
the inclusion of one and two molecules of bis(2-pyridyl- 
carbinolato)copper(II) with a- and CDs respectively.* Harada 

at al.”* have reported that ferrocene needs two moleculee of a-CD 
and one molecule of T-CD to form inciueion complexes. But no such 
regular array of CDs around even organic substrates has been 
noticed previously. However, it has been already shown that the 
modified or eubstituted R-CD forms aggregates, specifically with 
4-nitrophenol and not with other eubstrates.’* In the Cu(1l)/Cu(I) 
redox potential range, the coverages of the slectrode by CD 
molecules is greater’ (or their orientation is adequate to form a 
more compact iayer) which can also reduce the peak current vaiue. 
Thus the peak current ratio in the presence of a~, f- and T-CDs 
increagees only sililghtly with increase in scan rate Suggesting that 
the Cu{lIl) species is very slightly adeorbed on the surface of the 
eiectrode;”” this is in contrast to the CD-fres solutione where 
Cu(l) species if weakly adsorbed. If the prevention of adsorption 
has led to the observed reversibility, then the presence of 
D-glucose should also lsad to such a reversibility; but no such 


reversibility is observed even at higher concentrations of 
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D-glucose. So it is ciear that it is only adduct formation which 
rendere the redox behaviour diffusion-controlled and reversible. 
We have shown that inclusion complex formation of MV* by 8-CD 1s 
an effective and selective method to reduce adsorption and hence 
to confer reversibility on the electroactive epeciee.’” Similar 
inclusion phenomenon is not obviously involved for (Cu(pdto)]*", as 
the sizes of the CD cavities are much smaller than that of the 


complex. 


Water molecules enclosed within the uncomplexed CD cavity 
cannot have a full compiement of hydrogen bonds owing to 
interference from the glucopyranose ring of CD, so that they are 
enthalpy-rich.”* ப்‌ expulsion of these RAE molecujes 
into bulk water upon subetrate inclusion results es a negative 
enthalpy change, together with a negative entropy change. This 
explanation was supported by an X-ray crystallographic etudy of 
8-CD dodecahydrate,’” which showed that 6.5 water moiecules within 
the cavity are disordered over § sites and display extenpive 
thermal motion. Second sphere coordination of traneition metal 
complexes bearing hydrophobic ligands by cyclodextrins have been 
characterized structurally in the solid state by X-ray 
crystallography.’°™’* In these adducts, the hydrophobic ligand of 
the complex penetrates the cavity of the CD via the wider aperture 


of the receptor apsociated with the facs bearing the secondary 
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hydroxy groups. However, the X-ray crystal structure of the 1:1 
adduct formed by the platinum complex with 8-CD has shown that the 
PMe; iigand of the complex is inserted into and bound to the narrow 
primary hydroxy~group-bearing face of the 8-CD torus; the complex 
lies within a severely dieordered surface which could be forming 
a iid on the wider secondary hydroxy-group-bearing face of the 
§-CD torus.” So the interaction of the present compiex with CDs 
may involve expulgion of a few water moiecules on the partial 
inclusion of py or bzim ring into the primary or secondary hydroxy- 
group-bearing face of CDs; there may be also gimple interactions 
of hydrogen bonding residues of ligands, like -NH- group with 


hydroxyl groups of the (De. 


The addition of §-CD shifte E,- to a slightly more positive 
potential rendering Cu(II) to bs easily reduced; in contrast, the 
presence of other CDs make the reduction relatively difficult. 
The differential pulse voltammograms (Fig. 7.12) observed show that 
the peak potential is not much affected by the addition of CDs; 
however, the peak current decreases but slightly, consistent with 


CV meaeurements. 


From the elope of 1,- v8 {¥ plot, the values of diffusion 
coefficient (D) were calculated using Randles Sevcik’e equation.” 
In the presence of a-, 8 and T-CDe the elope ie suppressed and 


thus there is always a decrease in D values (Table 7.2) indicating 
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that the Cu(II) complex diffuses slowly to the electrode mainly in 
a form bound to the CDs. The diffusion coefficients of the CD-bound 
complexes (D_) calculated from the i,. valves at the iimiting 
concentration of CDs are collected in Table 7.2 and are also 


typical”” of one electron transfer. 


The association constant K, for Cu(pdto)”* with all the three 
CDs has been calcuiated using the diffusion coefficient of the free 
| 
complex (D,} and the observed diffusion coefficients (D...) at 


various concentrations of CDs using the relation,”* 
Dove = {(D, ~ Doss 7K ICDIY + De 


The value of K {a obtained from the slope (Fig. 7.13) and the 
value of D_, the diffusion coefficient of the CD-bound complex, 
from the intercept of the linear plot of Di, vs (D, = Diss )/ICD]. 
The K, values thus calculated euggest that the stability of 
[Cutpdto}]°"-CD adducts varies in the order 8-CD (414 M?°) > a-CD 
(288 M™*) > T=-CD (172 M*). For several organic subetrates 8-CD has 
been shown to exhibit selective inclusion compiex formation. For 
the present complex also, though the mechanism of interaction is 
different, selectivity seems to have been achieved to certain 


extent. 


The uncomplexed 8-CD includes a larger number of high energy 
water molecules than the uncomplexed a-CD.””’*” If the major part 


of the binding energy is derived from the relief of high energy 
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water, §-CD should give more negative enthalpy of complexation than 
oa-CD. This presumption illustrates the higher association constant 
observed for the interaction of 8-CD. In contrast, the values of 


AH’ and AS° for the formation of §-CD inclusion complexes with 


3௪ 6 


prnitrophenol, pnitrophenylglycosides,™’ and m= and p- 
disubstituted benzenes”” are considerably less negative than those 


of the corresponding a-CD complexes. 


The anodic and cathodic peak currents of [Cu(bbdo)]°*, the 
benzimidazole analogue of [Cu(pdto)}**, decrease and the peak 
current ratio slightly increases when the concentration of a, 

8 (i, slightly increased) and T-CDe is increased; however, no 

inflexions are observed. The AE, value decreases slightly for all 
the three CDs; the redox potential also decreases by about 20 mV 
for all the three CDs, guggesting that the Cu(II) species is not 


atabilized in CD eolutions. 


7.3.4 Klectrochemical Behaviour of Trithioether Complexes in the 
Presence of (Ds 


Addition of a-CD in steps to aqueous [Cu(pttn)]** solution 
doee not alter much Cu(II)/Cu(l) redox process (Fig. 7.8). The 
values of AE, and ¥,,. remain the same; however, the peak currents 
decrease but without any change in 1,./iL. values. Addition of 
§-CD decreases both the peak currents (slightly) And the peak 


current ratio (2.9 to 2.3), euggeeting that adsorption of Cul} 
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Bpecies formed on reduction is prevented to some sxtent but not 
fully. Both the peak potentials and the AK, value remain 
unchanged; however, the E,,. decreases slightly (0.330 to 0.319 V). 
On the addition of r-CD the decrease in 1. (43 uA) is much greater 
than that in i,. (13 uA) and the 1,./i,< Value decreases (2.6 to 
2.0). Both the peak potentials decrease by about 20 mV indicating 
(Fig. 7.8) that both Cu(II) and Cu(l) species are equally 
deetabilized by interaction with T-CD and the E,.. value decreases 


only slightly; however, AE, value remains almost unaltered. 


Addition of a-CD does not change the redox properties (AB; 
Ejvz and i,,/ip<) of [Cu(pttu) 1°"; however, both the peak currents 
decrease eilightiy (3 uA) (Fig. 7.9). Addition of BCD to this 
complex increases the anodic peak potentials slightly (10 mV) 
(Fig. 7.9), which results in an increase in both AE, and-E,.4 
(0.473 to 0.479 VY) values. There is also a considerable reduction 
in both peak current values but the peak current ratio remains the 
game (1.1). But incremental addition of T-CD to this compiex 
increases both the cathodic and anodic peak potentials, leading to 
an increase in the E4j,. value (0.471 to 0.500 V); however, the AE, 
does not change appreciably. There is also a considerable reduction 


in both the peak ourrent values but i,./i.- remains the same (1.1). 


Further, the interesting changes in electrochemical 
properties obeerved for {Cu(pdto)]*" wera not observed for the 


other Cu(II) complexes, suggesting that the interaction of ths 
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former with CDs 5 selective. This may be because no dieeociation 
of metal-liigand coordinate bond but stereochemical rearrangement 
from four-coordinate square-planar geometry to four-coordinate 
tetrahedral geometry occurs on electron transfer; the dissociation 
of a M-L bond would amount to breaking ur and reforming of the 
assembly of CDs around the redox active species. On the other hand, 
the electron transfer to a five-coordinate {Cu(pttu})]°* complex 
would lead to formation of four-coordinate (Cu(pttu)]’ in which 


one of the Cu-N,, bond is diesociated (Chapter 4) (Fig. 4.10). 
7.39.5 Changes in Redox Potentials 


From the shifte in redox potentials on the addition of CDs, 
the ratio of formation constants (K./K..) wers calculated aseuming 
a reversible ejectrode reaction and reversible binding of Cu(II) 


and Cu(l) species to CDs (Scheme 7.1) and using the general 


Ee 
Cu + e = Cu 
| | க்‌ " | 
E 
Cu"—CD + ௪ a Cu’ -CD 


Schewe 7.1 
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formula,’® 
EE,” = E,° = 0.059 log(K./K..) 


where E,” and EE,” are the formal potentials of the redox couple 
(+2/+1) in the bound and free forms reepectively and K,. and K. are 
the equilibrium constante for the binding of CD to Cu(Il) and Cu(l) 
respectively. The formation and dissociation of the adducts are 
expacted to ba fast enough to maintain an equilibrium on the time 
ecale of the CV experiment. The values of K./K,. (Table 7.2) 
illustrates that Cu(II) rather than Cu(l) forms of all the 
complexes interact etrongly with ail the CDs; however, the value 
ie greater than unity for [Cu(pttu)]”" in 8 and T-CDe and almost 
unity in a-CD euggeeting that the interaction of Cu(I) rather than 


Cu(II) form with the CDs is etronger. 
7.3.6 Is the Binding of CDs Cooperative 7 


Alloeteric regulation of binding and catalyeie is a common 
feature in the reguiation of enzymes by molecular effectors. When 
the affinity.of an enzyme for a substrate increases with increasing 
effector concentration, the allostery is termed poeitive 
cooperativity, and the transition from the inactive to the active 
gtate of the protein ls the allosteric transition. Poeitive 
cooperativity in the binding of inorganic guests to eynthetic hoets 


has been observed in dicoronands linked by a biphenyl,’ gabie 


2 > 


porphyrins,’ porphyrin dimers,” and crystalline heme modele.”” 
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It has been reported alec in micelle-catalysed reactions.“ 
Titrations of [Cu(pdto)]”" against CDe led to sigmoidal rather 
than hyperbolic curvee. Replotting of the titration data according 


to Hill equation,’*’*** 


in{Y/(1~¥})] = h lnl[X] - ink 


where, X = concentration of cyclodextrin added, 
¥Y = ratio of the observed change in the value of i,. 
or i, of the complex, on adding the CD to the 
maximum change in the respective eiectrochemicail 
property 


h the hill coefficient. 


Ky = overall diesociation conetant (= K.~*) 
gave linear graphs (Fig. 7.14} where the elope is defined as the 
Hill coefficient (h), which is conetrued ae an index of 
cooperativity. Non-cooperative systems exhibit h =~ 1.0, positively 
cooperative systems h > 1.0 and negatively cooperative systems 
h < 1.0. As a point of reference, hemoglobin has h = 2.8, while 


myoglobin has h = 1.0 towards binding of oxygen. 


For the binding of [Cu(pdto)]"’ to CD molecules, the h 
values calculated using i,- and i,. values are collected in Table 
7.3. For ail the three CDs, the value of h is found to be greater 
than unity (1.8 to 2.3). Hill coefficients greater than unity are 


the experimental hallmark of positive cooperativity,” in which 


Table 7.3 Hill coefficients (h) and the K., values” using i. 
and i,. values for the interaction of {[Cu(pdto)]1** 


with CDs 
yarameter a-CD -CD F-CD 
Bed 00 ககக ட லின்க்‌ கனல்‌ 
h K. (Mr) hn K (MM) h K.(M*) 
2.09 3680 1.87 4730 1.44 900 
ப 1.47 1450 1.25 2130 1.49 920 


* KX, values aré 1/[interceyt] and h values are'‘the slopes of the 
plots of in [Y/(1-Y)} vs in {A} (Fig. 7.14) 
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Fig. 7.14 Plot of ln (Y/1-Y} vs lnk useing cathodic peak current 
(a) and anodic peak current values of (Cu(pdto)})]’" in the 
presences of B~-CD. 
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initial binding events render subsequent binding events more 
favorable. Thus the progent study showe that the binding of CDs to 
[Cu(pdto)]*" is cooperative, The analysis of 1,. and i,. gave values 
of K, (1/K,) which are in the same order of magnitude as that 
calculated earlier and the trend in K, for different CDs is aiso 


the same. 


1.4 Conclusions 


The present voltammetric study reveals that the Cu(Il)/Cu(lI) 
redox couple of [Cu(pdto)]®* becomes free from adsorption sffects 
80 as to enhance its reversibility in the presence of five, four 
and three mM of a-CD, 8-CD and T-CD respectively. These limiting 
concentrations decrease with increase in the size of the CD 
molecule, which is conegietent with the formation of arrays of CDe 
around the copper(II) complex. However, in other Cu(II) complexes 
no significant changes in redox properties has been observed in 


the presence of Chas. 


The {Ds have been reported to be effective hosts for many 
molecuiee by inclusion complex formation but the present assembly 
of CDe around the redox active species can be regarded ab a new and 
multifunctional model for the bioiogical systems of molecular 


recognition.” 


The eelf-assembly of the CD molecules to form functional 


aggregatee like micelles illustrate the principle of cooperativity 
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in enzymes. The positive cooperativity observed for the binding of 
all the three CDs with (Cu(pdto)]** implies the stimulation of the 
interaction of additional substrate molecules by interaction of 


the first molecule with the enzyme." 


The present study reveais that, the binding of Cu(Il) species 
with §-CD is stronger than that with a- or 7-CD and that the 


\ * 
binding of CDs to ([Cu(pdto)]** tends to be vary selective. 
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SUMMARY 


Thies thoeis describes the synthesis and study of Cu(II) 
complexes of certain miitidentate ligande with varying number of 
thioether donors and chelates ring sizee. The complexes have been 
characterized using varioue spectral and elactrochemical techniques 
and the results may lead to a better understanding of the 
importance of thioether eulfur coordination in the copper site of 
cuproproteins. In addition, the electrochemistry of these model 
complexes in aqueous solutions of various cyclodextrins and 


gurfactants have been investigated. 


Chapter 1 containe an introduction to various types, 
structure and functions of copper proteins. A few important and 
relevant model compounds designed earlier for the proteins have 
been reviewed briefly. A brief account of cyclodextrins and 
surfactants chemistry and enzyme models based on them are included 


in this chapter. The scope of the present work 1s also presented. 


In Chapter 2 are described the origin of theo chemicals used, 
the purification of solvents and supporting electrolytes and the 
gpectral methods and slectrochemical techniques employed in the 


present investigation. 
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Chapter 3 deecribee the seynthesls of the ligands, HOCO- 
(CHa }a— SCH CH, 5- (CH ), ~ SCHL CH. 8 (CH, J COOH, where m = 1, n= 3 (53); 
m= 2, n= 3 (L4)m=1,n=2(L5);m=<&,n:=2(L6} and HOCO- 
CH= {(S-CH.CHL )a-5-CH.-COOH {L7) and their characterization using 
various spectral techniques. The 1:1 copper(I) perchlorate 
complexes of theese ligande have been generated in solution and 
their Bpectral and electrochemical behaviour investigated. The 
electronic spectra of all the Cu(II} complexes exhibit a iigand 
field band in the range 15.0 - 16.5 KK, and an intense absorption 
band around 26.0 kK originating from S(o} -—--> Cu(II) CT 
transition. Very high Cu(II)/Cu(I) redox potentials are exhibited 
by these complexes. The complexes with propionic acid moieties 
Possess redox potentials higher than those with acetic acid 
moieties; this may be ascribed to the distortion induced by the 
buikiness of the propionic acid group. An increase in the number 
of sulfur atoms from four to five increases the redox potential 


appreciably. 


In Chapter 4 are described the eynthesis of Cu(II) complexes 
of the linear quadridentate ligand, 1,8-bis(benzimidazol-2-y1)-3,6~ 
dithiaoctane (bbdo) and the linear auinauidentate ligand, 
1,11-bie(pyrid-2-y1)-3,6,9-trithiaundecane (pttu) with NLS. and NS. 
donor sets respectively. The ligand bbdo forms complexes of the 
type Cu(bbdo)X, (X = C104, NOj~). The nitrate [Cu(bbdo) (NO; ) INO, 


ocryetallizes in the monoclinic space group F2,/a with 
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a= 15.990(7), b= 13.706(4), c= 10.972(4) Aandf = 93.90(3)° and 
4 = 4. The structure was solved by heavy—~atom Patterson methods, 
expanded using Fourier techniques and refined by the least aguares 
technique to R = 0.079 for 11398 obeerved reflections with 

JI > 2.0 (I). The coordination geometry around copper(II) is best 
described As severely distorted octahedral with both the 
benzimidazole nitrogens {Cu-N, 1.99(1) and 1.93(1) A], a thioether 
sulfur atom {(u-5(2}), 2.443(6) A] and one oxygen atom of the 
nitrate ion [Cu-0(11), 2.06(6) A] constituting the equatorial plane 
and the second sulfur {Cu-5(1)}), 2.533(6) A] and one more oxygen 
from the coordinated nitrate anion [Cu-0(12), 2.727(6) A] occupying 
the axial positions. The ligand field and EPR spectra are 
consistent with trigonal bipyramidal geometry in the solid state, 
whereas in solution two ligand field bands (11.2 and 16.7 kK) and 
an axial EPR epectra were observed euageeting a d,._,. ground state. 
The preliminary structure of Cu(l) complex of pttu ligand shows a 
tetrahedral geometry around copper. The ligand field and EPR 
spectra of [Cu(pttu)](C1l0.4). reveal a square-based geometry and an 
interesting solvent-dependent chemistry. All the (CuNL8,1”°* and 
[CuN.S,]°* complexes exhibit an intense S(o) ---> Cu(II) CT band 
around 29.2 kK and a high Cu(II)/Cu(lI) redox potential. The effect 
of ligand enlargement on structure and properties of these 


complexes are discupesed in comparison to those known already. 


i * 
In Chapter 5 are dealt with the synthesis of the linear 
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‘ 1} 
guadridentate R-{CH. ).-SCHCH,S-{CH., ), SCHL CH. 5-(CHL),-R; where m = 
1, n= 2 (Li); m= 1, n= 3 (L2);m:=2,n:=2({(L3);m=2,n=3 
(L4) and the pentadentate R-CH.-({S5-CH,CH. )4-S-CHL-R (L5) (R = 
benzimidazol-2-y1l) ligands and the 1:1 copper(II) perchlorates 
complexes of these ligands. Some of the quadridentate compounds 
also formed compiexes of the type CulX, (XA = C1, NO, or BE, ). 
All the complexes exhibit an absorption band around 30.0 kK 
originating from a 8(o) =~-> Cu(II) CT transition. in solution the 
C104" and BE, salts of £Cu(L1)]1°* exhibit only one iigand-field 
band (14.8 kK) while the other complexes show two bands ( = 11.0, 
15.0 - 16.0 KK). The polycrystalline EPR spectra of the former 
complexeeg are axial while those of the other complexes are rhombic. 
The cryogenic solution EPR spectra of the former complexes differ 
from those of the other complexes by exhibiting comparatively low 
£#j, Valuee and weil reeolved nitrogen superhyperfine structures. 
All these spectral features euggeet a unique ‘folded’ geometry for 


the [Cu(L1)}** complex. 


Among the tetrathicether complexee, the Cu(II) --—-> Cu(lI) 
redox potential increases with increase in the number of six- 
mambered chelate rings, implying an increase in preference for the 
copper(I) over the copper(II) state. For copper(II) complexes of 
bis(benzimidazolyl)thioether ligands with all-five-membered chelate 
rings the potential increaeges with increase in the number of 


thioether donors. 
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Voltammetric studies of biomimetic Cu(II) complexes of 
bie(pyrid-2-yl) di- and trithia and bis(benzimidazol-2-y1l) dithia 
ligands in aqueous sodium dodecylsulphate (SDS, anionic), 
cetyltrimethylammonium bromide (CTAB, cationic} and Triton X-100 
{fa-[p(1,1,3,3-tetramethyibutyi)phenyl}-w-hydroxypolyoxy— 
ethylene(9.5), nonionic] miceliar solutions carried out on glassy 
carbon electrode were presented in Chapter 6. Ths electronic 
spectral properties of Cu(II) complexes in micellar solutions are 
consistent with their incorporation in various typee of hydrophobic 


microenvironmeante. 


For moet of the complexeeg, the adsorption of Cu(l) egyecies 
observed in aqueous solution ie absent and the reversibility of 
Cu(i11)/Cu(l) couple is increased in SDS and Triton X-100 micellar 
solutions. From the dependence of i,. Values on SDS concentration, 
the micellar binding constant K, has been estimated. Compared to 
aqueous isotropic solutions, the E,.. values in micellar solutione 
either decrease or increase depending upon the nature of the 
surfactant and the hydrophobicity as well as the structure of the 
complexes. The ratio of eauilibrium binding conetante K./K.. of 
Cu(l) and Cu(lIl) species does not follow the same trend in SDS, 
CTAB and Triton X-100 solutione indicating that the interaction of 
the cationic complexes depend on a delicate balance between 
hydrophobic and electrostatic interactione. Interestingly, for 
complexes with CuNzS8. chromophore Cu(1}/Cu(Q) couple 1s also 


observed in Triton X-100 micelles. 
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In Chapter 7 are discussed the redox of Cu(Il) perchlorate 
complexes of certain N.S. and N.S, chelates, reported as Type I 
blue copper protein models in the presence of a-, @~ and T-CD in 
aqueous solution. The addition of Cle to the complexes cause 
subetantial decreasee in peak currents rather than in penk 
potentials. The i,, rather than i,. or AE, or E,.: value is very 
sensitive to the variation in the concentration of CDs. The 
reversibility of the Cu(ll1)/Cu(I) couple of [Cu(pdto}]*" is 
enhanced, as ghown by ths decreage in AE, and that of i,./i.< 
towards unity. The plote of i,.. ic: E,. and AE, vs the number of 
moies of the CDé show sharp inflections, interestingly, at five, 
four and three moles of a-, B- and T-CDe respectively, the number 
of Che in the array being dictated by the size of the €D. There 
occurs the formation of novel and regular arrays of CDs around the 
complex, rather than the usual inclusion complex formation by CDs 
and also illustrates the prevention of adsorption of {Cu{pdto)]" on 
the glassy carbon electrode. For the other complexee the changee 
in redox properties in the presence of CDe is not ag regular and 
significant ae in [Cu(pdto) }°*. The plots of changes in i,. and i,. 
vs the concentration of CLs give the value of Hill’e coefficient 
greater than unity (1.8 - 2.3), which is the hallmark of positive 
cooperativity. The values of K./K.. and K, for complex formation 
with CDs have been determined and discussed. Significant reduction 
or enhancement in £4 Values have been obgerved both for the ligand 
field and charge transfer bands in the presence of all the three 


CDs. 


